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WALL-PRESSURE FLUCTUATIONS AND PRESSURE-VELOCITY
CORRELATIONS IN A TURBULENT BOUNDARY IAYER!
by John 8. Serafini

Lewls Research Center

SUMMARY

Pregsure fluctuatlons of a turbulent layer along a plane boundary have been
investigated experimentally. All measurements were made at a nomlnal free-
stream Mach number of 0.6 and an average Reynolds number per foot of 3.45x10° in
a wlnd-tunnel facillty specially designed for the purpose. The pressure fluctua-
tlons were measured wilith minlature pressure transducers and the veloclty fluctua-
tions with hot-wlre anemometers.

The root-mean-square magnltudes of the wall-pressure fluctuatlons agree
wlth the Lillley-Hodgson theoretilcal results, whereas the mean-square spectra do
not agree except over a small range of frequencles. Space-time correlations of
the wall-pressure fluctuations generally agree with Willmarth's experimental re-
sults for longltudinal separation distances. Measurements of lateral space-time
correlations indicated that the ratio of the longitudinal to lateral length-
scale 1lg approximately 7.4. The convection veloclty of ths fluctuations 1s
found to increase with Increasing separation distances and its significance 1s
explalned.

Measgurements of the correlations of the wall-pressure fluctuastlions with the
longitudinal component of the wvelocity fluctuations 1lndicate that the contribu-
tions to the wall-pressure fluctuations are from two reglons, an inner region
near the wall and an outer region linked with the intermittency.

INTRODUCTION

In the past, research on turbulent flows has been malnly concerned with the
description of wveloclty fields of particular turbulent flows. Only in recent
years has some Interest been shown in determining the characteristics of pres-
sure fluctuations associated with turbulence. This lncreased interest in the
characteristics of fluctuating pressures resulted from major englneering problems

lrnformation presented hereln was offered as a thesls in partial fulfillment
of the requirements for the degree of Doctor of Philosophy to Case Institute of
Technology, Cleveland, Ohlo, June 1962.



created by high levels of aerodynamic noise from powerful Jet engines and high-
speed alrcraft. Even though the research alm has been the phenomenological de-
scription of turbulent flows to calculate the radiated noise, the study of the
pressure fluctuations and their relation to the turbulent velocities is funda-
mental. Such is the case for turbulent flow fields exhibiting a mean shear and
exposed to bounding surfaces, for example, the turbulent plane wall boundary
layer.

The first definitive works on the general problem of aerodynamlc nolse gen-
erated by a fluctuating veloclty fleld without conflning boundaries are the two
classical theoretical papers by Lighthill (refs. 1 and 2). In the first of
these papers the problem was formulated 1ln terms of a nonhomogeneous wave equa-
tlon for the noise in which the nonhomogeneous term was approximated by a fluc-
tuating stress tensor having nonzero values within the confines of the disturbed
flow fields The work by Lighthlll stimulated & series of papers based on his
theory that studied the aerodynamic noise generated by particular turbulent
flows (refs. 3 to 11). All these papers are concerned with the aerodynamic
noise radiated from a turbulent reglon of flow.

The determination of pressure fluctuations Intrinsic to a turbulent fleld
requlres only that the baslc equations of motion and continuity be satisfied for
a fluld assumed to be incompressible and Stokesian. Heisenberg (ref. 12) and
Batchelor (ref. 13) considered the pressure fluctuations from homogeneous, iso-
tropic turbulence. Krailchnan (ref. 14) determined the fluctuating pressure
fleld withln homogeneous anlsotropic turbulence. The first attempt to determine
the wall-pressure fluctuatlions for a turbulent-boundary-layer flow over a plane
boundary was by Kraichnan (ref. 15). A mirror flow model asbout the plane bound-
ary was used, and Fourler transform technlques were applied to obtain a solution
of the Polsson's equation for the pressure fluctuations at the speclfied bound-
ary. Whlle the idealized boundary-layer flow does not correspond to the char-
acteristics of an actual turbulent boundary layer, the analysls along with di-
mensional arguments gives results for the mean-square pressure-fluctuation mag-

nitude and spectrum. In particular, Kraichnan showed that VP"Z\T/QW ~ Bcy where
B 1s a factor between 2 and 12. (Symbols are defined in appendix A.)

Lilley and Hodgson (ref. 16) used an analysis similar in method to that of
Kraichnan (ref. 15) but depending on a slightly different model. An approximate
theory 1s presented for the wall-pressure fluctuations for a turbulent boundary
layer. In a subsequent paper Lilley (ref. 17) presents a more exact analysis

resulting 1in p%/qw ~ 3.1 Cpe

The experimental work on the characteristics of pressure fluctuatlons in
turbulent flows has been limlted to measurements at the surface of pipe walls or
wind-tunnel walls. Measurements were obtained in reference 18 of the magnitude
and spectral. density of the wall-pressure fluctuatlons at velocitles between 50
and 200 feet per second. Although this work was limlted as to the amblent noise
level in the wind-tunnel facillty and type of pressure transducer used, a value
of 0.8 was determined for the effective convectlve veloclty of the pressure
fluctuatlons dlvided by the free-stream veloclty.



Willmarth (ref. 19) has made measurements with an improved pressure trans-
ducer of the wall-pressure fluctuatlone associated with turbulent boundary
layers within e pipes. The results include the magnitude and spectra of the wall-
pressure fluctuatlons presented in dimensionless form. The space-time correla~-
tlons confilrmed the existence of the convective pattern of the pressure fluctua~
tlons.

Reference 20 presents wall-pressure fluctuatlion measurements along with
aerodynamlic noise measurements made in & water tumnel for smooth and rough sur-
faces. In reference 21 some measurements were made of the correlations over
narrow frequency bands at low veloclties. BReference 22 presents some measure-
ments of the longitudinal space-time correlations of wall-pressure fluctuations
in turbulent plpe flow.

The previously mentioned theoretlcal papers (refs. 14 to 17) and experi-
mental papers (refs. 18 to 22) have indeed resulted in considerable contribu-
tlons toward determining the behavior of the wall-pressure fluctuations. How-
ever, 1in the case of the experimental work, much of the data was taken in flows
not properly simulating the desired turbulent flow and with pressure transducers
somewhat limited in performence. It was felt that a need existed for additional
experimental data taken for a plane wall turbulent boundery layer under care-
fully controlled flow conditions, and that measurements should be taken which
attempt to relate the wall-pressure fluctuatlons to at least some of the char-
acterlstics of turbulence within the turbulent layer ltself.

The present work is primsrily an experimental. study of the wall-pressure
fluctuations of a turbulent boundary layer and of thelr relatlon to the turbu-
lent velocities within the layer. Theoretical conslderations are only presented
where necessary to allow Interpretation of the experimental data 1n terms of the
applicable physical theory.

The magnitude and frequency spectral dlstributions of the wall-pressure
fluctuations have been measured with three pressure transducers. These trans-
ducers have different effective sensltive areas and include two different
types - plezoelectric ceramic and capacitive dlaphragm. The results are com-
pared with other reported measurements.

Extensive space-time correlations of the wall-pressure fluctuatlons have
been made with the use of piezoelectric ceramic transducers. Data were obtalned
wlth the line connecting the transducers meking an angle of 0°, 45°, and 90°
with respect to the free-stream veloclty. Taese measurements are analyzed with
the intent of relating them to the veloclity characteristics of the layer.

In an attempt to relate more precisely the wall-pressure fluctuations to
the velocity fluctuations of the layer, correlations of the wall-pressure trans-
ducer signals and hot-wire signales are presented and discussed. Since this type
of measurement is new, its posslbilities and limitatlons are completely dis-
cussed both from the view of physical signlficance and measurement technilque.

Acknowledgement 1s made to Dr. Guetav Kuertli of Case Institute of Tech-
nology for his Ilnterest and advice 1n the preparation of this work.



APPARATUS AND PROCEDURE

All the measurements were made of the turbulent boundary layers on one 1ln-
slde wall of the test section of a continuous-suction nonreturn wind tunnel
specially deslgned for this investigation (fig. 1). The ailrflow was drawn from
a very large room (wlth access to outside alr) through a set of fllters at the
inlet and through a contraction section into the test section. The test section
had porous inner walls on three sides to remove some of the low-energy boundary-
layer alr all along the side opposite the measured boundary layer and to remove
it partially on the two sides adjacent to the measured boundary layer. The net
result was that the longitudinal static-pressure gradlent could be adjusted to
be zero or even adverse.

At the exlt of the test section was a vibratlion~isolation section after
which the airflow was choked by an area-constricting sectlon which 1s designated
as a control block. It controls the mean flow in the test section and prevents
any undesirable nolses that may occur in the piping to the exhausting machinery
from being propagated acoustically upstream Into the test section. For further
detalls on the wind-tunnel facllity refer to appendix B, which describes 1t mare

fully.

The mean Mach number in the wind tunnel was set at 0.6. The suction flow
through the porous walls was controlled to give a slightly favorable longitu-
dinal statilc~pressure gradient for most of the experlments. The stagnation con-
ditions at the inlet were atmospheric pressure and temperature. TFor the entire
gset of experiments the stagnation pressure and temperature ranged from 28.98 to
29.54 inches of mercury, and from 35° to 87° F, respectively. During any given
experiment the maximum variation 1n stagnation pressure and temperature was
10.04 1nch of mercury and +7° F, respectively. The exhaust pressure was main-
tained at approximately 10 Inches of mercury absolute..

The mean veloclty profiles of the turbulent boundary layer adjacent to the
solid wall were computed from mesasurements made at statlions along the test sec-
tion with an automatically activated total-pressure probe. The mouth of the
probe was flattened such that its total height was 0.015 inch, the wall thickness
was 0.0025 inch, and the 1nternal height was 0.010 inch. Contact with the wall
was determined electrically. A pressure transducer (0-5 lb/sq in. ) measured the
differences of the boundary-layer total pressure and free-stream stagnation pres-
gsure as electrical signals. The probe travel was measured from an electrical
signal from the electric probe actuator. These measurements were used to calcu-
late the boundary-layer parameters such as 8%, 9, H, Ree, and Crs which was
calculated from the Iudwig-Tillman equation (ref. 23).

The pressure fluctuations were measured with two types of pressure trans-
ducers. A detalled description of both types of these transducers and thelr
callbration is given in appendix C and figure 2. Table I presents a description
of the pressure transducers used along with alphabetlc designations. Thelr
gpectral-amplitude response calibrations are glven in figure 3.

The mean-square wall-pressure fluctuations were measured at various polnts
along the wall with two transducers - pilezoelectric transducer ZR and condenser
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transducer CA. For the space-time correlations of wall-pressure fluctuatlons,
matched palrs of O.l25-inch-diaemeter piezoelectrlec pressure transducers were
used. The method of construction i1s the same as that for the smaller transducer
ZR used to measure the magnitude and spectra. The minimum transducer separation
distance was 0.181 inch, and the maximum was 6.235 inches. The 8-lnch-diameter
port in which the palrs were mounted could be rotated in the plane of the wall.
Measurements weré made at angles of 0%, 459, and 90° to the stream velocity.

In the case of the correlations of velocity and wall-pressure fluctuatlons,
both transducers ZS and CB were used. The method of installstion was similar to
that for measurement of the mean-square pressure fluctuations and is indlcated in

figure 4.

The velocity fluctuations were measured with the use of a constant-
temperature hot-wire anemometer system described in references 24, 25, and 26.
A description of the method of obtaining and evaluating the hot-wlre data ob-
tained herein is given in appendix D along with some general comments on the use
of the hot-wire anemometer. The stream component of the fluctuating velocity in
the boundary layer was measured at several stations along the test section to
establish the development of the turbulent boundary layer.

The most ilmportant use of the hot-wlre probes was in obtalning the correla-
tions of the wall-pressure and velocity fluctuations. In this case several hot-
wire probes of slightly different distances from prong tips to probe centerline
(see fig. 4) were used. This made it possible to make measurements of the cor-
relation between the wall-pressure and velocity fluctuatlons where the hot-wire
and the pressure transducer were separated by several streamwise distances ¢
as measgured in the plane of the wall and noted in figure 4. Separation dis-
tances 1, where 1 1s measured normal to the stream velocity vector and in the
plane of the wall (fig. 4(b)), were obtained by first rotating the hot-wire
probe to get the desired separation 1 and then rotating the 8-inch-dlameter
port wilthin whilch both the pressure transducer and hot-wlre probe were lnstalled
until the axis of the hot-wilre probe was agaln parallel to the stream velocity
vector, that 1s, the test-section longitudinal centerline.

The relative position of the hot-wire and pressure transducer in the plane
of the wall was viewed and photographed by means of a speclally bullt camera
setup that allowed optical magnificatlons by a factor of 10 or more. Not only
was adjustment of the separation distance possible with the use of this camera
setup, but also a good measurement of 1t was made from the photographlc nega~
tilves, which showed the pressure transducer and hot-wlre probe with precision
steel scales, having 0.0l-inch markings, alined 1n appropriate directlons and
visible in the photograph. These position photographs were taken prior to and
after each survey as part of the standard data-teking procedure. Conslderable
attention was glven to thils measurement of separation distances, as preliminary
experiments 1lndicated this to be a critical polnt in these experliments.

For all the varlous types of measurements after first esteblishing steady-
state flow conditions in the wind tunnel, the total temperature and pressure and
static pressures were recorded and subsequently monitored during the entlre sur-
vey. The 1lnstrumentation for obtaining and analyzing the data on the veloclty



and pressure fluctuations (appendixes C and D) is indicated by the schematic
diagrams in figure 5. The electrical voltages resulting from these fluctuations
were measured on true rms voltmeters, recorded on a 1/10 decade spectrum ana-
lyzer and level recorder, and alsgo recorded on a dual-channel tape recorder. In
the cage of the hot-wlre probes, the d-c component of bridge voltage and the
emount of bridge unbalance were also noted.

The spectrum analyzer and level recorder automatically scanned a set of
filters centered on frequencies of 16 to 32,000 cps. EXach filter set gave a
one~tenth-decade band pass, The spectrum analyzer was used not only to measure
the spectrum of the fluctuating veloclties and wall pressures for the purpose of
presenting them herein but also to monitor the functioning of all the trans-
ducers during the tape recording of the fluctuating signals to be used for cor-
relations.

Appendix E descrlbes the instrumentation and procedure for obtaining the
correlations of the wall-pressure fluctuatlons and those of the wall-pressure
fluctuations with the veloclty fluctuations.

RESULTS AND DISCUSSION

The mean free-stream Mach number M in the wind tunnel for the entire set
of experiments was 0.6. The static pressure exhibited slight varilations since
for a given Mach number 1ts value naturally depended on the total or atmospheric
pressure. A typical variation of N& and statlic pressure with longitudinal
distance 1n the test section is presented in figure 6. It should be noted that,
although the static-pressure gradient 1s slightly favorable throughout the test
section, there 1s a small decrease of total pressure at large downstream posi-
tions. The Mach number does not continue to increase sglightly with x but
levels out and then slightly decreases with x. The mean Reynolds number per

foot was 3.45x10° referred to the free-stream velocity.

The decislion to conduct the experiments at a nominal M = 0.6 was a com-
promlse. The low sengitivitles of the pressure transducers suggested that the
experiments be performed at as high an M as possible to obtain large magni-
tudes of pressure fluctuations. On the other hand, the problems associated with
using hot wires and taking measurements in a wind tunnel increase significantly
as M_  approaches l. The results obtained indicate the choice of 0.6 for the
nominal M to be a reasonable one.

Since no significant differences were notliced in the pressure fluctuations
for the statlc-pressure gradient being zero or slightly favorable, all the re-
ported results are only for the latter case.

Velocity Characterlstics of Measured Boundary Layer
Typical velocity profiles throughout the boundary layer obtained with a

pitot tube are given in figure 7. Figure 7(a) shows profiles for =z plotted
against M for two stations at which measurements were later made of the



magnitude and spectra of the wall-pressure fluctuations, but which were upstream
of the station used for correlation measurements. In figure 7(b) these two
veloclty proflles along with two other velocity proflles further downstream are
glven in terms of the dlmenslonless quantities z/a agalnst U/qg. The dimen-
slonlees profiles are plotted in figure 7(b) to compare roughly the state of
development at the varilous statlons, and it 1s seen that no appreciable change
in the dimensionless profile occurs downstream of the second station, x = 9.75
feet.

The variation of &% as a functlon of the station x is glven In figure
8. BSilnce the data exhiblt some scatter, in subsequent calculatlons to nondimen-
sionalize the magnitudes and frequencles of the pressure-fluctuation measure-
ments, the values from the faired curve were uﬁed. Liocal skin-friction coef-
ficients calculaeted from measured values of & , 6, H, and Rey by means of the
Ludwig-Tillman equation (ref. 23) are glven 1n figure 9 as a function of Reye
Also ghown in the figure 1s the curve of the Prandtl-Schlichting equation (foot-
note on p. 438 of ref. 27).

Figures 10 to 12 present measurements of the longltudinal turbulent Inten-
slty. A single typlcal boundary-layer profile of the longlitudinal turbulent 1n-
tenslty 1s presented in figure 10 to 1ndicate that 1t was possible to obtaln a
well-defined profile if a sufficlent number of polnts were taken with reasonable
care near the polnt of maximum intensity. A comparison of the profilles at sev-
eral x-stations is presented in figure 1l. Figure 12 shows the maxlmum turbu-
lent intenslty of the proflles in figure 11 along with six others given as a
function of the Reynolds number based on the dlstance along the wall or Rey.

It 1s interesting to note that, although small in magnitude, there is an in-
crease in the maximum turbulent intensity wlth Rey. Also shown in figure 12 is
the value of turbulent intensity for the largest values of =z possible with the
available probe actuator (approx. 3.8 Iln. from the solild wall, thus close to the
centerline of the tunnel). This centerline value exhlbits a very slight in-
crease simllar to the maximum turbulent intenslty data and a second lncrease in
the downstream portlon of the test sectlon.

The measurements of the mean-flow profiles (fig. 7) and u-fluctuation pro-
files (figs. 11 and 12) indicate that a typleal turbulent boundary layer 1ls ob-
tained. Although flgure 7 shows that itg development is not entlrely complete
for the station x = 2,75 feet and 1s complete by x = 9.75 feet, figure 12 in-
dicates a high level of meximum turbulent lntensity even at these ugstream sta-

tlions. At x = 2.75 feet (R,ex = lOXlOG) the turbulent intensity u%/&m is
0.069 as compared with 0.080 for the downstream statlions. The value of 0.08 for
the maximum turbulent intensity is less than that reported by Klebanoff (ref.
28), who gives 0O.1ll. Klebanoff's measurements were made with a U, of 50 feet
per second in the present experiments. It 1s posslble that in the present ex-
periments the maximm turbulent Intensity obtalnable near the wall 1s smaller
because of the increased Reynolds numbers. Thls could not be verified, as no re-
ported results could be found on measurements of turbulent lntensities for the
high subsonic Mach number range.



As 18 seen in figure 13, the spectral density of the u~fluctuations ex-
hibits good agreement with the measurements of Klebanoff. Filgures 13(a) and (b)
compare spectra for the lnner and outer regions, respectively. In both cases
the values of Z/S* for the pair of Klebanoff curves bracket the Z/S* value
for the present data. None of the u-fluctuation spectral-density curves pre-
sented in figure 13 possesses a well~deflned peak for the reported wave numbers.

In figure 12, the upstream level of free-stream turbulence, 0.012, while
high (compared with low-turbulence wlnd tunnels), is not of concern to the pres-
ent experlments. The increase in the stream turbulence to about 0.02 at the
downstream stations 1s considered to be a result of the merging of the boundary
layers on opposite walls of the wind tumnels Thus, no correlatlion measurements
and only a limited number of measurements of turbulent intensity and wall-
pressure fluctuations were made In this downstream reglon since measurements
were to be representative of a turbulent boundary layer developing along a plane
wall.

Magnlitude and Spectra of Wall-Pressure Fluctuatlons

The wall-pressure fluctuatlons were measured with the ald of three differ-
ent transducers. The value of 8% wvarled from 0.047 to 0.32L inch for the

measurements. Flgure 14 glves the V p% divided by q, plotted agalnst d/S*

for transducers ZR (d = 0.0625 in.) and CA (d = 0.43 1in.). Table I lists all
the pressure transducers used along wilth thelr alphabetic designatlons. The

'jp% were obtalned from integrating the spectral values that had been corrected
for amplitude response of the transducer. Both sets of data show Ilncreases in

v p%/gm wlth decreaslng d/B*; however, that for the transducer ZR (d = 0.0625
in. ) is within the scatter of the data. Although results are desirable for very
small values of d/a*, the data taken with the larger transducer serve many use-
ful functlons as will be presently seen. Two different types of pressure trans-
ducers were used to determlne 1f any of the results were a function of the trang-
ducer type.

If the magnlitudes of the wall-pressure fluctuations expressed as ‘/p& %

presented in flgure 14 are plotted with Willmarth's data (ref. 19), the result
ls flgure 15. In this figure the abscissa d/S* 1ls plotted on a log scale to
allow the data taken with the smaller transducer ZR to be compared properly not
only with Willmarth's data, but also with those of the larger transducer CA.
Through Willmarth's data is the line with which he extrapolated to d/a* = 0 (on

a linear 4/s* scale) to obtain his result of Y p2fq, = 0.006. Two significant

points can be readily made from the figure: (1) The present data do not agree
with the Willmarth data in magnitude. (2) The results with the two different
types of transducers behave with regard to thelr variation with d/8* almost as
if they had been taken with one transducer. If the data for downstream stations
x where &% > 0.251 inch (tailled symbols) are disregarded for reasons pre-
viously discussed in the section on velocity characteristics of the boundary
layer, then the scatter of the data is conslderably reduced. The remaining
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values of 'Eg a, extrapolated to d/8" = O (again, on a linear scale) yield a

value of 0.0075. It is of interest to note that for a turbulent plpe flow ref-
erence 22 obtalned a value of 0.008 corrected to zero transducer size by a
method described in reference 29. Lilley and Hodgson (ref. 16) quote in thelr
text a value of -0.008 for d/a* = 0.59 from their measurement of the boundary
layer on the wall of a wind tunnel.

In figures 16 and 17 the spectra of the wall-pressure fluctuatlons over the
range of 8% from 0.047 to 0.251 inch are plotted in terms of the dimensionless
parsmeters used by Willmarth (and in ref. 18). The dimensionless mean-square
spectra are plotted agalnst the dimensionless frequency, a parameter of the
character of a Strouhal number if a discrete eddy of a certain size 1s asso-
clated with a given frequency. In flgure 16(a) the data taken with transducer
7R almost completely coincide for different 8&%. In figure 16(b) for transducer
CA a gimilar degree of colncidence exists at the lowest and middle freguenciles
as 1n figure 16( ); but, in addition, at the high-frequency end an effect of the
parameter d/S exlsts that spreads out the data. Figure 17 1s a case where
the results are glven for a particular value of 8% = 0.127 inch for transducers
ZR, 78, and ZT. The results for the O.25-inch transducer are limited to fre-
quencies below 10,000 cps.

In flgures 16 and 17 each spectrum exhibits a maximum (designated as the
relative peak of the spectrum) for values of (wd™)/U, between 0.1 and 1.0.
However, as smaller values of (w& )/U¥ are approached, the spectrum again in-
creases to the limit of the available date (thls maximum i1s designated as the
absolute peak). Initially it was assumed that, despite the care with which the
measurements were made, the existence of the absclute peak was due to some
sources of error possibly being overloocked.

The first possibility that quickly suggests itself is that the control
block did not successfully perform its function to prevent extraneous noises
from propagating upstream into the test sectlion. The results of figure 18
clearly indicate that this did not occur. Figure 18 gives the results of wall-
pressure-fluctuation measurements, at one statlon, used for determining the ef-
fect of varyling the longitudinal statlic-pressure gradient and also the flow con-
ditions at the control block. There is evidence of rather large amplitudes at
the low frequencies only when the flow across the control block was allowed to
become definitely unchoked. In thils case, there 1s a rather large Ilncrease in
the spectral value, the maximum increase occurring at a frequency of 40 cps and
being from 0.013 to about 0.52 (a factor of 4).

The possibility that falrly large amplitude low-frequency noises were prop-
agating into the test-section from the flow entering the inlet can be ascer-
tained by looking at the results of figure 19, in which the spectra of the wall-
pressure fluctuations (taken with transducer CA) are compared with the external-
noisge-level spectra just upstream of the wind~tunnel 1inlet. In the figure the
pressure fluctuations are glven in terms of decibels of SPL (sound pressure

level, defined as equal to 20 loglo('jpz/po) where Do 1s a reference pressure,
usually 2x10™% dyne/sq cm)



There 1s no evidence here also that the inlet nolse 1s a problem. In fact,
at any given frequency the inlet noise levels are 15 declbels or more below the
spectra levels of the wall-pressure fluctuations.

In looking at the measured spectra in figure 16(a) some trend as a function
of &% (or station x) is observed for the magnitude of the relative peak (occur-
ring at the larger value of frequency). In figure 20, the spectral value that
occurs at the midfrequency of the relative peak is given against x, and the
trend in terms of F(f) is seen to be a very slight increase in the magnitude of
the relative peak as the boundary layer thickens. Thus, as 8% increases, the

increase in the value of Vpg(f) at the relative peak is greater than the in-
crease of p%, the root-mean-square magnitude of the pressure fluctuatlons over
the entire frequency range since F(f) is equal to p%(f), the root-mean-square

pressure fluctuations per unit bandwidth divided by p%, the root-mean-square
magnitude., Plotting the frequency at which the relative peak spectra value (of
fig. 20) on a log scale and x on a linear scale gives the results of figure 21.
The decrease of this frequency with x (or with a thickening boundary layer) can
be attributed to the increase in scale asgsociated with increasing 8&%. 'The ab-
rupt leveling-off for the downstream portion was not anticipated and is, perhaps,
due to either (1) a lack of similarity of the boundary layer for the downstream
stations (x > 20 ft) or (2) a lack of precislon needed to determine this fre-
guency properly.

In figure 17 the results of the dimensionless spectra plot for three
different-size pilezoelectric transducers definitely show the transducer-size
effect on the spectra for the same value of &% at constant Rey. This is not
the case in the rest of the present data and in Willmarth's data (ref. 19).

In figure 22 the dimensionless mean-square spectra of the present measure-
ments with transducer ZR are compared with the data of Willmarth (ref. 19). The
data of Willmarth show the effect of transducer size on the measured spectra.
This behavior is similar to that seen in figure 16(b) for the larger diameter
transducer CA. However, for the Wlllmarth data the rate of decrease of the
spectra with 1ncreasing aﬁ*/qw at the higher frequency end 1s greater than
that obtained in the present experiments. This may be seen by noting that the
Willmarth curve for d/B* = 1.1 1in figure 22 agrees with the present data curve
for a4/8% = 1.7 in figure 16(Db).

At the lower frequency end of the spectrum, Willmarth does not present any
data below wﬁ*/Ug = 0.1. Figure 23, which is a replct of his data as SPL

against frequency in cycles per second, shows that in his only dimensionless
spectra plot Willmarth included no points for fregquencies lower than 1000 cps.
The reason for this limitation is not understood since he reported that his
pressure transducer had g flat response from 5 to 50,000 cps. Furthermore, no
mention was made of any problems with extraneous noises that might have inter-
ferred with the measurements of the wall-pressure fluctuations.
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Theory and Experiment Compared

A statement of the pertinent equations of the theory is now presented to aid
in the comparison between the experimental data and theoretlcal results. If the
divergence 1g taken of the complete equations of motion for an Incompressible
fluid and the equation of continulty is inserted (ref. 30), the resulting equa-
tion for the pressure field is

2
P = -p -gx—l—a-g‘]- [(Ui + ui)(Uj + uj)] (1)

where & = P(x) + p(x,t), the sum of the time mean pressure and the fluctuating
pressure. (Cartesian tensor notation is used here with subscripts 1 and
having values 1, 2, and 3.)

‘The details of the different methods of solution used by Kraichnan (ref.
15), Lilley and Hodgson (ref. 16), and Lilley (ref. 17) are not needed here. For
the present purposes it 1s sufficlent to wrilite the solution as

P(x,t) = £ f ] ax, a}{g [(Ui + ug)(Us + uj)] a3x (2)

where ' = x - x' wlth x being the separation-vector of the fileld point and
the origin and x* Dbelng the separation vector of the source point and the
orlgin.

The covarlance of the pressure 1ls defined as the time mean of the product of
the pressure at two polints 1In space, Xq and X, (= xq + £), and time t and at
two times t + T, written as

y(}_lft)?(zzyt + T) =

l&t ff ol T BX?ZBX, [(U +u’)(U'+ ul )];;E%—,Z,[( i+ u_E)(U"+u")] a3xr aBxn

(3)

where here
nt=x - X!
no_ -
=Xy - X

with Xq and X, belng the separation vectors of the field points and x' and
x" Dbeing the respective separation vectors of the source points.

The mean-square pressure is obtained by letting T =0 and X =X =X in
equation (3), the left side of which expands to

P2(x,t) = P3(x) + p2(x,t) (4)



The second term on the right side 1s the mean-square of the fluctuating
pressure, while the first term 1s obtalned from the only term that on the right
side contains just the Uj; wvelocities (i.e., the solutlion for the pressure due
to a steady-state velocity field). The theoretical treatments have thus been
concerned with describing the second term pz(g,t) and mean-square pressure co-
variance D(x,t)p(Xo,t + 7). OFf the separate terms under the bar, the steady-
‘state term was already mentioned in connection with equation (4) and the remain-
ing terms are of three types:

duj dui du; dug

(1) Fourth-order covariances —_— =%
T ox! 8x5 axﬁ Bx;

BUi Buj Bu; Buﬂ
6x3 ox g BXE Bx;

(2) Third-order covariances,

1 b ] T n
1 T
Ox Oxi Oxy

(3) Second-order covariances,

Chem]

X

The theoretical papers (refs. 15, 16, 17) have all assumed the terms with
the third- and fourth-order covariances to be negligible ccmpared with the terms
involving second-order covariances. In addition, for turbulent-boundary-layer
flows the realistic assumption is made that JU;/dxz 1is much greater than the

other mean flow gradlents. Consequently, the most significant term under the
bar in equation (3) is

n T
BUi oUy Bué duz

Bx% Bxg Bxi axi

Only thls term has been used to calculate the spectrum and magnitude of the
mean-square pressure fluctuations and also thelr space-tlme correlations. In
particular, Lilley in his theoretical treatment (ref. 17) assumes that only the
portlon of the layer nearest the wall contrlbutes to the pressure fluctuations.

The root-mean-square wall-pressure fluctuations may be expressed, as in ref-
erence 16, as

PZ
%,W = peg (5)

where the value of @ depends upon the integration indicated in equation (3)
over the turbulent field.

Comparison of the present experimental data with the Lilley theory (ref. 17)

1s given in figure 24 where B = VPVB\T (qmcf) 1s plotted as a function of d/S*
to allow comparison with the two transducers. 'The Lilley theoretical result
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(ref. 17) for the value of B is 3.1 (the revised version of ref. 16 gives 3.0
for the value of pB) and here appears as a straight line of zero slope since his
theory does not account for the effect of nonzero transducer size. If the ex-
perimental data taken with the transducer ZR can be assumed to be correct, there
1s a small area of disagreement between the experimental and theoretical results
in that the experimental results exhlblt nonzero slopes, approximately drawn in
the figure. For the very small values of d/B* where no appreciable transducer-
size effect should be expected, the values of B are larger than the theoretical
value of 3.1. A replot of the data for the smaller transducer ZR on a linear
scale for d/s* indicates that, as d/a* -+ 0, B approaches approximately 3.9.
Lilley and Hodgson (ref. 16) also quote in their text a value of B = 3.6 fol-
lowing from their own experiments.

These conslderations show that a complete comparison of the experimental and
theoretical results would in principle require a more accurate theory. Thus,
while the agreement between experiment and theory for the value of B 1s gen-
erally good, the greater value of 3.9 for the experimental value as compared with
the theoretical value of 3.1 undoubtedly results from some differences between
the present experiments and the assumed models for the mean shear and the
fluctuating-velocity spectrum and magnitude. As discussed later, the measured-
pressure spectrum and correlations of velocity and pressure fluctuations suggest
differences from the models assumed in the theoretical treatments.

In certain regions of the turbulent boundary layer or under certaln types of
external conditions, the terms neglected in equatlon (3) may become of the same
order as the term that is kept in equation (5). An example of thils possibility
is in the outer or intermittent reglon where |8U1/6x3| is considerably smaller
than in the inner region of the layer.

A comparison of the mean-square spectra for the present data with the
Iilley-Hodgson theoretical result (ref. 16) 1s also glven in figure 22. The
theoretical curve is taken from flgure 4 of reference 16 without adjusting the
level of the curve. The level of the peak of the theoretical curve is in good
agreement wlth the present experimental data. Very little agreement exists be-
tween the present experimental data and this theoretical curve at both ends of
the gpectrum. This disagreement between the theoretical curve and the experiment
should be expected when the velocity spectra upon which they are based are con-
sidered. The isotropic form of the velocity correlation function was used in
evaluating the theoretical spectrum. Also, an anisotropy factor was used only in
evaluating the magnitude of the pressure fluctuations (as previously done by
Kraichnan (ref. 15)).

The spectra of wall-pressure fluctuations measured in reference 22 for a
turbulent pipe flow also exhiblt no fall-off at low frequencles for dimensionless
frequencles down to a value of 0.0175, based on the radlus of the plpe. However,
for the spectra presented there is no indication of the double maximums., The
turbulent pipe flow differs from that in the turbulent boundary layer In at least
one slgnificant aspect. ZFor pipe flow the absence of a free-stream flow for the
reglon away from the wall precludes the formation of a highly Intermittent flow
that 1s brought about by the convection of an irregular shgrply defined boundary
between)the turbulent and the nonturbulent flow (see Corrsin and Kistler,
ref. 31).
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Space-Time Correlation of Wall-Pressure Fluctuatilons

The first bit of information obtained from measurements of the space-time
correlations of wall-pressure fluctuations was a curve of the correlation coef-
ficient

P(X]_:ylyt) P(Xl T E,yp+tm tt T)

R(g;'r])'f) = (6)

\/pz(xl,yl,t) V’Pz(xl +E, Yyt b o)

agailnst the time delay < for constant values of & and 7. The separation
distances are £ = xp - x; and 17 =y5 - y1. In equation (6) any point on the

curve of R(&,n,t) against 1 gilves the time-mean value (in coeffilcient form) of
two fluctuating pregsures where during the tlme-averaging the one fluctuating
rressure is measured at a constant difference in time equal to < with respect
to the other fluctuating pressure. The results of this section are all obtalned
from these correlation curves. The two-point wall-pressure correlation curves

as a function of T are presented in figures 25(a) and (b) for 71 = 0. The time
delay 1 1is defined to be positive for a disturbance propagating downstream from
one transducer to another (farther downstream). These curves are actual traclngs
of faired X-Y plotter curves. TFigure 25(c) is for the case where the transducer
separation is glven by ¢ = n. The curves in figure 25(d) are for the correla-
tions with the transducer separation vector normal to the stream direction.

Figure 26 presents autocorrelations of the wall-presgsure fluctuations as
measured by several typlcal transducers. Filgure 26(a) also shows the good re-
peatabllity of the correlation if extreme care 1s taken to keep all the elec-
tronlcs in specified working order. It should be noted that autocorrelation
curves 1n figures 26(d) and (e) have a halved time-delay scale in comparlson with
the previous three curves (they look thinner, but actually are not). In obtaln-
ing autocorrelations of the played-back signal from a pressure transducer, it was
noted that the correlation coefficient at 1 = 0 did not quite go to 1.00 but
varied from 0.93 to 0.97. This is evident in the typical autocorrelation curves
given 1n figure 26. This result is consistent with the maximum correlation coef-
ficients obtained for the autocorrelation of slne waves of particular frequencles
(see appendix E). In the latter case the maximm measurable correlation coef-
ficlent departed from the value of 1.00 as the frequency of the sine wave was in-
creased. The variation in the measured R(0,0,t) for large |t| 1s usually within
+0.02, which can be attributed to instrumentation. Consequently, nothing will be
inferred from the results of the R(g,n,T) at large T for any of the space-time
correlation curves.

Of interest 1s the agreement between the spectra of the two transducer sig-
nals that were actually recorded and from which the correlatlon curves, R(g,n,r)
against 1, were later obtained. ZFigure 27 gilves a comparilison for pairs of
transducers of the spectra of the slgnals taken just prior to recording these
signals on the two-channel tape recorder. They are not corrected for amplitude
response or altered 1n any way. The transducer palr spectra shown in figures
26(a) to (d) are typical for all the data on correlations of wall-pressure fluc-
tuation. The fluctuation spectra for the transducer palrs indicate that fairly
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good repeatability was obtained. The spectra of the wall-pressure fluctuations
are essentially the same (if measured by transducers and assoclated lnstrumenta-
tion that operate ideally).

Each point of the results shown in figure 28 1s obtalned by flrst getting
the maximum value of the correlation coefficlent as a functlon of ¢ for fixed
separation distance in figure 25 and then plotting this maximum agalnst the
appropriate separatlion distance. This value of R has been designated by the
subscript opt, standing for optimum in reference 32. The data in figure 28 in-
clude all three inclinations of the transducer separatlon vectors with the free-
stream direction (q =0, £ =1, and ¢ = O).

In locking at figure 28 it is readily apparent that the longltudinal scale
of the wall-pressure fluctuatlons is much greater than the lateral scale. For
example, 1if scales LPX and pr are arbltrarily defined as the value of the

particular separation dlstance when R(g,o,ropt) = 0.1 and R(O:ﬂ:Topt) = 0.1,
respectively, the result is

Ipx  8.75 in.

Lp, ~ 1.16 in. ~ T4

In this result the values of Topt for Lp and LP are not the same in mag-
x Y
3 = -3
nitude. TFor LPx’ Topt = 1.33%10 second and, for pr, since no flow convec-
tion 1s involved, Topt ~ 0. ©Scale LP indicates the scale of the turbulence
X

measured in a reference frame moving at the average convectlon velocity g/wopt.
(If the two pressure transducers at the wall were moving in the direction of
flow at thils convection velocilty, the optimum time delay would be close to zero
for the £-direction as well as for the n-direction.)

The validity of the empirical relation
Ropt (E,,T],Toptg,n) = Ropt(ﬁ,o, Toptg)ROPt (O’n’Toptn) (7)
where

Toptg ~ Topte ,n
and.

Toptn ~ 0

is shown iIn figure 29 where it is checked for ¢ = . This was done by using
the curves faired through the data in figures 28(a) and (c) to obtain the cal-
culated curve for the left side of equation (7) and then comparing it with the
curve faired through the data of figure 28(b). The agreement between the two
curves 1n figure 29 is quite good. The result should also be valid for ¢ # N
The result expressed by equation (7) was first implied by the correlation data
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on fluctuating velocities in a turbulent boundary layer in reference 32. Equa-
tion (7) was later assumed by Corcos, Cuthbert, and Von Winkle (ref. 29) in their
‘calculation on the effects of finite sizes of pressure transducers.

In figure 30 the optimum correlation coefficients iIn the g-direction are
compared with those measured by Willmarth. The values of ¢ are divided by 5%
to account for the differing scales in the two sets of data. The agreement be-
tween the present data and that of Willmarth is good, particularly for his data
for M = 0.333 and 0.672.

The value of <1 at which R = Ropt 1g likewlse designated as Topt* In
figures 25(a) and (b) it is seen that Topt increases as £ 1s increased. The
convection velocity of the wall-pressure fluctuations is defined as

£
U. = 8a
Tont (8a)

and the ratlio of the convection velocity to the free-stream velocity is simply

Ua £
== (8b)
U, Toptqm

These values of Ué/U; were plotted against the appropriate separation distance

in figures 31(a) and (b) for 7 =0 and ¢ = 7, respectively. For & < 1.0 inch
in figure 31(a) UE/UQ increases at smaller rate with increasing £¢. In figure

21(b) at values of ¢t > 1.0 inch the values of U./U, start to fall with in-

creasing E. A check of the R against <+t curves for these points shows very
small values of Ropt and very flat curves. Consequently, not too much reliance

should be put on the data at large E.

The convectlion velocity results glven in figure 31 are quite interesting in
that at large values of ¢ they essentially agree with the convection velocity
values obtained by Willmarth (ref. 19) (excepting his M = 0.672 data) and Von
Winkle (ref. 22). At the smaller values of ¢ the convection velocity ratio
Ué/U& begins to decrease significantly as & 1s decreased. This result can

reagonably be Interpreted if one considers the decay and convection of the dif-
ferent size eddies that probably exlst in the boundary layer. The smaller scale
eddies should have a shorter lifetime compared with the larger scale eddies.
Consequently, as the separation distance between the two pressure transducers is
increased, the effect of the smalier scale eddles on the correlation of the pres-
sure fluctuations measured by these transducers should decrease with the corre-
lation being affected only by the large-scale eddies in the boundary layer.
Finally, the small-scale eddies occur or are concentrated closer to the wall than
are the large-scale eddies. Thus, the small-scale eddies are convected at slower
velocities than are the large-scale eddies. This simplified picture i1s proposed
to describe the results of figure 31 for small values of ¢E.
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This interpretation of the figure 31 data implies that the values of U,/Us
should decrease with increasing frequency. Correlation of the data In narrow
frequency bands was not done with the present data. However, the results of ref-
erence 22 for turbulent pipe flow indicate such a trend. Flgure 36 of reference
22 shows that, as the frequency lncreases by a factor of 2.8, the values of
UE/UQ decrease from 0.83 to 0.75.

A comparison of the Ué/U& data with Willmarth's results 1s presented in

flgure 32. To take into account the range in the values of U, and 8*, the
Ué/U@ values are glven as a function of U,/(&/8%). Initially, the dimensional
parameter U&/g was considered. Dividing & by 8% does account for the dif-
ferent length scales. A suitable velocity 1s not available (the acoustic veloc-
ity i1s not appropriate here) with which to make the entire parameter dimen-
slonless. However, this cholce of parameters should account for the different
velocity and length scales. The comparison of the UC/UQ data does show that
the scatter in the data 1s nearly the same and the agreement 1s good. The lim-
ited range of the U@/(&/S*) parameter for the Willmarth data as compared with
the present data simply results from the smaller range of ¢ for which measure-
ments were made by Willmarth. The abscissa positions of the Willmarth data rela-
tive to the present data show why smaller values of UC/U¥ could not be obtained
in his experiment. The results in figure 32 indicate that in additlon to con-
sidering the size of the transducers relative to a boundary-layer scale as noted
by Willmarth (ref. 19) it 1s necessary to consider very small separation dis-
tances ¢t (relative to some boundary-layer scale such as &%) when convection
veloclities of pressure fluctuations are to be determined.

Measurements for M from 2.0 to 5.0 by Laufer and Kistler (reported in
ref. 33) indicate at least a qualitative agreement with the data in figure 31.
Measurements are reported for only two values of ¢ (0.25 and 0.50 in.) with the
values of UC/U¢ varying between 0.65 and 0.77. At each M, the value of
Ué/Ug for the larger ¢ 1s greater than that for the smaller ¢ with the aver-

age lncrease being about 7 percent.

The preceding discussion indlcates that, as expected, the value of the ap-
parent convection velocity depends on the relative magnitudes of (1) transducer
size and separation distance and (2) the sizes of the eddies and their velocities
of convection in the layer. Therefore, these results apply only to convectlon
velocities of the wall-pressure fluctuations of turbulent boundary layers along a
plane wall under the aforementioned conditions of measurement. They may not
apply in general where larger size transducers, larger separation distances, or a
different type of turbulent flow is involved.

The correlation results for the limited frequency bandwidth data are pre-
sented in figures 33 to 35. 'The effect of high-pass filtering (which equals re-
jection of a low-frequency band of the signals) on typical correlations is given
in figure 33 for (1) an autocorrelation (€ = n = 0), (2) & = 0.88 inch and
1=0, and (3) £ =0 and 7 = 0.325 inch. The effect of low-pass filtering is
presented 1in flgure 34 in a fashlon similar to that of figure 33. The effect of
the high-pass and low-pass filtering on the optimum correlation coefflcients as
obtained from flgures 33 and 34 1s given in figure 35.
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With regard to the present experiments, some concern has been expressed that
the large magnitudes of the spectrum of the wall-pressure fluctuations at the
lower frequencies may have resulted from some as yet undetermined wind-tunnel ef-
fect. Since thls lncrease in the magnitudes ocecurs approximately at frequencles
below 400 cps, a comparlson of the correlation data for the full bandwldth spec-
trum with those for which the portion of the spectrum below 400 cps 1s rejected
would indlcate how significant is this lower frequency range on the space-time
correlations. It 1s seen in figures 33(b), 33(c), and 35 that rejecting the
portion of the spectrum below 400 cps results in optimum correlation coefficients
that do not change apprecilably from those for the entire spectrum. In particular
for the 400-cps high-pass condition, the Ropt are approximately only 10 percent

less than those for the full-band-pass results. This change in Ropt is con-

gsistent with the rejecting of even larger portions of the lower frequency end of
the spectrum, that is, 800 cps, 1600 cps high-~pass, and so forth, with the result
that the value of Rgpy continues to decrease (monotonically).

Except for the autocorrelations in figure 33(a), restricting the portion of
the spectrum progressively toward the higher frequency end gives successively
smaller values of 1 for the first zero-crossing of the correlation curves and
reduces the value of Ropt' Conversely, restricting progressively the portion

toward the lower frequency end gives successively larger values of 1 for the
first zero~crossing of the correlation curves and increases the value of Ropt'

In addition, damped osclilatlons of the curves about the horizontal occur as the
rejected band 1s ilncreagsed for elther the high-pass or low-pass analysls. These
damped oscillations are characterilstic of correlations of two fluctuating quan-
tities 1limited to a narrow band of frequencies. Similar results were obtalned
by Dryden, et al. (ref. 34) in one of the earliest examples of the effect of
filtering in frequency bands on the autocorrelation coefficients of velocity
fluctuations as a function of separation distances. A final remark on the re-
sults of figures 33 to 35 1s that they give a good indication of the distortion
possible in correlation results obtained with lnstrumentation possessing insuf-
ficient extent of usable frequency bandwidth, particularly at lower frequencies.

Correlations of Velocity and Wall-Pressure Fluctuations

Investigations on the correlations of pressure with velocity in turbulent
flow flelds have generally not been attempted either on an experimental or theo-
retical basis. Reference 35 doeg give some numerical results for the covariances

Puﬁ for lsotropic turbulence. The role of the pressure-velocity-gradlent covar-
du:

lance p 5;% 1s discussed in reference 36. The particular form of the pressure-

veloclty covarlance of Interest herein is puy. The defining equation for pu.
is given by Batchelor (ref. 37) as (in the present notation)

oF(ut + U+ ud) (U + uy
/ ] — ijJ)( et ) (%)
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if an incompressible fluid in an infinite reglon is assumed. The corresponding
correlation coefficilent 1s given by puﬂ divided by the product of the root-

mean-square wall-pressure and veloclty fluctuations.

The purpose behind measuring these correlations is to determine what reglons
within the boundary layer contribute to the pressure fluctuations at the wall.
Meagurements of the pressure fluctuations at one polint at the wall or their
space-time correlations do not yleld any detailled lnformation on what reglons do
contribute. Actualiy, a study of the correlations with each of the components
of the fluctuating velocity would be desirable. In partlicular, the theoretical
considerationsg of reference 16 indicate the w-component to be the most signifi-
cant one. However, the measurements of v or w, the fluctuating-velocity com-
ponents normal to the free-stream direction, would require two hot wires in the
available experimental setup. (The method requiring the rotation of only one
wire could not be used because of the necessity of keeplng the hot-wire position
fixed relative to the pressure-transducer position for a gilven measurement, l.e.,
a single recording on magnetic tape.) Thus, getting a measure of pw oOr DV
would ordinarily require at least three channels on the tape recorder. As noted
previously, the tape recorder and playback units available for use had only two
channels.

Typical space-time correlation curves obtalned for the correlation of the
velocity fluctuations with wall-pressure fluctuations are presented in figures
36 and 37. The correlation coefficient used in this section is defined by equa-
tion (9) and is obtalned as discussed in appendix E. The script ® for the
velocity-pressure correlation is used here to distinguish 1t from the space-time
correlations of the wall-pressure fluctuations. The definition of positive
values of 1 for the pressure-veloclty correlations is that a dlsturbance prop-
agating downstream ls first sensed by the wall-pressure transducer and at a later
time T 1s sensed by the hot wire, As for the previous type of correlation
measurements, each curve presented in filgures 36 and 37 is a direct tracing of a
faired curve of the X-Y plotter curve. In some cases the X-Y plotter curve was
retraced several times over the original one to allow a better falring.

The results given in figures 36(a) to (d) are for the correlatlons measured
with transducer ZS and for a separation distance 1 of approximately zero and
for various valueg of &, Similar characteristics are obtained for the correla-
tion curves in each of Ffigures 36(a) to (d). Peaks in the correlation coeffi-
cient generally occur at two valuesg of time delay <. The major peak generally
occurs at small positive values of <1 ranging to +0.3 milllisecond; the secondary
peak occurs at values of T ranging between -0.7 and -0.8 millisecond. For pur-
poseg of identification, values of T and R for the major peaks are labeled
with the subscript opt and for the secondary peaks (7 < O) with the subscript
Se

A typlecal correlation curve for =z less than 0.3 ilnch does not have a

secondary peak but, for 7 < Topt? generally increases monotonically with in-

creasing 7 and then decreases monotonically for < = T For values of =z

opt’
greater than 0.3 inch, the emergence of f, caused most of the R against =
curves to have two rounded peaks of about the same magnitude at the smaller
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values of z and, for z between O.72 to 1.52 inches, resulted In Ry being
greater in magnitude than Rgpye In other words, regardless of the value of the

gseparation dlistance E, for positions of the hot wire close to the wall the @opt

1s the greater ome, but for positions away from the wall f, 1s of the same
order or even sllightly greater than Ropt'

The correlations shown in figures 36(e) to (i) were measured with transducer
ZS for a separatlion dlstance ¢ of approximately zero and for various lateral
separation distanceg 1. The results in flgures 36(a) and (e) are taken from
different experimental surveys, although both are for £ = n = 0. The correla-
tion curves for the smaller values of 17 (figs. 36(e) to (1)) have the same gen-
eral contours as those of figures 36(a) to (d) for various velues of E. Values
of Ry 1n figures 36(e) to (1) are of a magnltude simllar to those of figures
36(a) to (d).

‘Only one set of correlation curves 1ls presented for the case where the
transducer CB is used to measure the wall-pressure fluctuations. In figure 37
the correlation curves are glven for & =~ 0 and q = 0.003 inch. These resulis
conflrm the measurements using transducer ZS8; however, the peak values are gen-
erally somewhat lower In magnitude. In addition, the curves are not as well be-
haved as those in figures 36(e) to (i) as fopt, 18 approached from negative
values of .

Signiflcant characteristics of the correlation curves are plotted in fig-
ure 38. These curves include results not presented in the preceding figures.
Figure 38(a) is based on data obtalned using transducer CB. The curves 1n the
figure were faired according to the data of survey 2 before putting in the polints
for survey 1; the values of Ropt: Topts Ry, and 14 are given as a functlion of

2. Conslderable scatter is evident in the flgures for Topt and Tgr This is

to be expected because in the original X-Y plotter curves 0.10 inch of x-scale
(1) 1s equal to 0.02 milllsecond. Even with the most careful reading the scatter
cannot be reduced. The general trend in 17opt 1s to Increase in value with an

increase in z. In the case of 714 (fig. 38(a)), the faired curve could very
easlly be replaced by a stralght line. However, in most 745 data some non-
linearity is indicated. The values of Ry (fig. 38(a)) show the increase in the

outer portion of the boundary layer already referred to in figures 36 and 37.

Figure 38(b) glves the significant characteristics of the correlation curves
using transducer ZS, varlous values of £, and 7 = O. The Ropt and g data
in figure 38(b) do not indicate a steady trend as do counterparts in figures
38(c) and (d). The varlation of Topt With z in figure 38(b) is such that,

at any value of 2z greater than about O.1 inch, Topt increases as £ 1is 1n-
creased. For any value of £ the varlation of Topt with 2z 1s approximately

linear if z 1s greater than 0.2 inch. Over most of the range of =z values, T4
also 1ncreases (values become less negative) as & 1s increased (fig. 38(b)).

In figure 38(c) the results are as for thelr counterparts in figure 38(b)
except that here £ = 0 and each figure contains curves for the various values
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of 7. In figure 38(c) the results of Ropt against z are indeed a very reg-

ularly behaved set of data in contrast to the data of figure 38(b). The maximum
values of Ropt for each curve 1 = constant are progressively smaller and

occur at larger values of 2z as 1 1s ilncreased. The curves of Topt 285 &

function of 2z 1in figure 38(c) exhibit a marked change of slope for n greater
than about 0.4 inch. For values of =z less than 0.4 Inch, a systematic change
also occurs in that larger values of Topt @&ppear to be reached for =n larger
as 2z gets smaller. There is only a slight systematic trend in the maximum
values of the fRg against z curves with 7; the curves of g against =z
show an overall increase in Tg with increasing 1.

In figure 38(d) the results are similar to their counterparts in figure
33(b); here transducer CB 1s used. Considerable portions of the curves in fig-
ure 38(d) are extrapolated (through widely scattered data) as indicated by the
dashed lines.

In figures 39 and 40, respectively, are presented some typilcal turbulent-
intensity profiles and spectra obtalned durlng the surveys prior to the correla-
tion measurements of this section. The root-mean-square veloclty fluctuation di-
vided by the local mean velocity in the boundary layer is given in figure 39(a).
In figure 39(b) the root-mean-square velocity fluctuatlons are dalvided by the
free-stream velocity. These two figures are presented to show that the measured
values of turbulent intensity were falrly consistent from survey to survey with
the variation in values at a particular value of 2z being no more than %4 per-
cent. The spectra were quite repeatable on each survey as ls indicated by flg-
ures 40(b) and (c).

Two possibly serlous problems must be consldered in trying to make meaning-
ful measgurements of the correlation of wall-pressure and veloclty fluctuations.
One is the fact that the veloclty-fluctuation transducer (the hot-wlre anemom-
eter) and the pressure-fluctuation transducers are probably not perfectly matched
transducers with regard to thelr phase-angle response as a functlon of frequency.
The necessity to consider not only amplitude response but also the phase-angle
response of a transducer over the frequency range of interest arlses from the
fact that, if two transducers have at a particular frequency two conslderably
different values of phase angles ¢ and &3, at that frequency the correlation
will be a function of cos(®p - @71).

Although these phase-angle characteristics were not measured, it can be
stated that for the frequency range of interest, 50 to 15,000 cps, the phase
angle as a function of frequency for the piezoelectriec transducer shows somewhat
less varilation than that for the condenser transducer. Thls remark follows from
comparing their amplitude response as a function of freéquency (fig. 3). The
piezoelectric transducers exhibit less variation over the 1ndicated frequency
range than the condenser transducer. FElementary considerations of transducer
theory show that this will lead to less variation in the phase-angle character-
istic as a function of frequency (ref. 38).

As is seen by comparing filgures 36(a) and 37, there 1s fair agreement be-
tween the correlation curves for the two types of transducers. The most



noticeable difference between the two sets of date is that the values of R are
slightly lower for the set where the pressure transducer is of the condenser
type. Thils result is consistent with the preceding remarks on the phase-angle
characteristics of the two types of pressure transducers. Thus, for these pur-
poses the plezoelectric transducers are more nearly matched to the hot-wire ane-
mometer than are the condenser transducers. ILf a phase-angle difference does
exist between the veloclty and pressure transducers used to obtain the correla-
tions, its effect would be to reduce to a certain extent the magnlitudes of the
correlation coefficients. Thilis implies that ideally matched transducers might
yleld even larger values of the correlation coefficlient than those measured.
Consequently, the magnitudes of the correlation coefficlents measured may be re-
garded as tentative results.

The second major problem encountered in the measurement of the pressure-
veloclty correlations 1s the existence of interference between the hot-wire probe
and the flow field as indicated in figure 41, which presents the spectra of the
wall-pressure fluctuations measured during the correlation experiments. The data
in these figures indicate that the shapes of these wall-pressure fluctuation
gspectra are affected to a certain extent by the proximity of the hot-wire probe.
The spectra in figures 41(a) to (d) are taken with transducer ZS for n=~ O and
various values of £. In figure 41(a) with £ = -0.00L inch, that is, with the
hot wire directly above the pressure transducer, the spectral values below
400 cps increase in magnitude as the z values get smaller, whereas the spec-
tral values for frequencies above approximately 400 cps are decreased.

The effect of moving the hot-wire probe downstream away from the pressure
transducer 1s noted by comparing figures 4l(a) to (d) with each other. Virtually
no increase in the value of F(f) is obtained for the frequencies lower than
about 400 cps as the values of 2z are allowed to decrease. The effect of the
proximity of the hot-wire probe on the wall-pressure fluctuations is shown in
figures 41(e) to (i), with the displacements in the plane of the wall now being
only a direction normal to the free stream. In figure 4l(e), with n equal to
0.002 inch, that is, approximately zerc, the effect of decreasing the values of
z 1s the same as that for figure 41(a) (as expected, since for both figures
E~ =~ 0), The effect of the proximity of the hot-wire probe exists to a slight
degree at 7 = 0.186 inch in figure 41(g). It 1s not evident at 7 = 0.390 inch
in the data of figure 41(h); a similar condition exists for n = 0.671 inch in

figure 41(1).

As shown in figure 42 the autocorrelation curves for the hot-wire signals
at positions near the wall for cases where 1 1s approximately zero and ¢ has
various values clearly indicate that the hot-wire slgnals are essentially unaf-
fected by the nearness of the hot-wire probe to the pressure transducer. On the
other hand, as seen 1n figure 43, which presents the autocorrelation curves for
the wall-pressure fluctuations (as measured by transducer ZS) with the hot-wire
probe positioned at =z = 0.016+0.002 inch, 1 = O, and various values of ¢, the
proximity of the hot-wire probe affects the wall-pressure fluctuations. Thus, it
is noted that for & of 0.200 and 0.307 inch the shapes of the autocorrelation
curves approach those produced by the plezoelectric transducers used in the
space-time correlatlions of the wall-pressure fluctuations (ef. fig. 26).
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From figures 41 and 43 it is thus noted that only the magnitudes of the
lower frequency portion of the spectrum of the wall-pressure fluctuatlions are in-
creased as z 1is allowed to decrease for € and 1 approximately less than
0.20 inch. Consequently, one may omilt from serious consideratlion those correla-
tiong for smaller values of z (<0.20 in.) when ¢ and 7 are less than ~0.20
inch. On the other hand, all the data may be considered 1f one observes the ef-
fects of filtering out the lower frequency portlon of the spectrum, which is
apparently most affected by the interference. Figure 44 presents the effect of
using only a certain portion of the spectrum in the correlations of the veloclty
fluctuations with the wall-pressure fluctuations. The correlation curves are the
full band pass and 400-, 3000-, and 6000-cps high-pass band (¢ ~ N~ 0). It is
only in the range of frequencies below 400 cps that the spectra of the wall-
pressure fluctuations show any appreclable interference effect from the hot-wire
probe. Consequently, the fact of particular interest in filgure 44 1s the com~
parison of the peak correlation coefficlent for the full band pass with that for
the 400-cps high-pass band. The values of Ropt are 0.60 and 0.52 for the full

band pass and 400-cps high-pass band, respectively. This indlcates that the
fluctuations below 400 cps do not contribute appreciably to the correlatlon coef-
flcients measured. Consequently, this interference effect should not affect the
measurements of pressure-veloclty correlation. As in the case of the space-time
correlations of the wall-pressure fluctuations, the rejection of this lower fre-
quency portion of the spectrum also serves to remove those portions of the spec-
tra that might be affected by wind-tunnel disturbances.

In figure 44 the correlatlon curve of & as a functlion of 7T was made con-
gsiderably narrower when the portion of the spectrum below 400 cps was filtered
out. In addition to the normal effect of using filters, this narrowlng actually
might be the result of rejecting those portions of the spectrum affected by in-
terference. In the following only the magnitudes of ® and <1 at the peaks
will be dlscussed. Considerations of the shapes of the curves will not be par-
ticularly stressed.

The results given 1n figures 36 to 38 indicate that the u-component of the
fluctuating velocity does make some contribution to the pressure fluctuations at
the wall. This follows from the fact that nonzero values of f were obtalned.
The results indlicate that there are two regions in the boundary layer where the
u~component contributes to the pressure fluctuations at the wall. These are the
inner region (close to the wall) and the outer region, which 1s highly inter-
mittent. While the magnitudes of the & obtained for the Iinner region (Ropt)

are higher than those obtained for the outer region (Ry), the amount of actual
contribution of these two regions will depend on the volumes In each reglon over
which the ®& 1is appreciable.

According to the leading assumptions in the Lilley-Hodgson theory (ref. 16),
the wall-pressure fluctuatlions depend significantly only on the w-component of
velocity fluctuations for the ilnner region of the boundary layer. This implies
that, in correlating the wall-pressure fluctuations wlth the veloclty fluctua-
tions, larger magnitudes of the correlation coefflcients may be obtalined with the
w-component of velocity fluctuations than with the other two components. As the
other components of velocity fluctuations were not measured and were not corre-
lated with the pressure fluctuatlons, the results between components cannot be
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compared. However, it is to be noted that any given value of & for the partic-

utar £, n, z, and < is the covarlance pj u divided by the product of \/p%

and Vlﬁl What would be more appropriate is to get a value R' defined as

P,
Rt = — (10)
which 1s simply
2
R = R N (11)
vu2 + v2 + wo

in terms of R, the measured correlation coefficilent.

Although no measurements were made of ;E and ;E, values of &' can be
computed using the data of Klebanoff (ref. 28). For the inner region of the
boundary layer it is seen from figure 38(b) that the measured Ropt as a fune-

tion of 2z has maximum values approximately at 2z = 0.08 1nch, which becomes
7/8% = 0.45 wlth &% = 0.178 inch. For z/8% = 0.45, Klebanoff's data yield the

values Yu2 = 0.08, Yv2 = 0.06, and Vw2 = 0.035. Thus,

Vu? _ 0.08
===~ 07106
Vul + v2 + w2

For a measured value of ® = 0.34 with ¢ 2 0.20 inch and n =~ 0, a value of &
of 0.26 is obtained. It i1s now evident that, even for the correlation coeffi-
clents based on the root mean square of the entire veloclty fluctuatlons, for the
inner reglon slgnificant nonzero values of correlation are obtalned between the
wall pressure and u-component of velocity fluctuations. And yet, as previously
pointed out, if the theoretlical model 1s correct, the correlations between the
pressure and w-component of velocilty fluctuations should yileld much higher values
of correlation coefficlents, where ® in this case must be defined as

W
R = ————— (13)

W

In the curves of & against <= +the peak correlation coefflelents desig-
nated as fg attaln maximum values for =z values that are much larger than
those for the Ropt values already discussed. (The "secondary™ peaks oy are
those peaks occurring at negative time delays of nearly 1 msec in contrast to the
fopt Peaks which occur at positive time delays near zero. ) The initial reaction
in viewing these Rg peaks for the preliminary results was that they were erro-
neous. The entire system of measurement and correlation was thoroughly checked.
These peaks were not found to be the result of some problem of Instrumentatlon or
measurement such as the interference effect of the hot-wire probe. For this

= 0.76 (12)
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range of z +the interference effect of the hot-wire probe was negligible for all
values of separation distances £ and 7.

Since thils result is limited to the outer reglon of the boundary layer, the
intermlttency that also exists in this region 1ls considered to be quite signifi-
cant. In figure 45 the data of Klebanoff (ref. 28) and Corrsin and Kistler (ref.
31) for the intermittency factor y are compared with s as a function of
z/a* for several surveys. For the Klebanoff data, originally glven as y as a
function of 2/6*, his mean-velocity data were used to calculate 6/8* to obtain
Y 4as a function of Z/S*. Because the Corrsin-Kistler experiments used a cor-
rugated wall, the calculation of &% from the mean-velocity profile was consid-
ered unwise in this case. Since both Kiebanoff and Corrsin-Kistler gave y as a
function of z/8, the method of converting y into a function of z/8* was
first to compare the Klebanoff and Corrsin-Kistler data at a particular value of
z/5 and then to use the Klebanoff Z/S* to plot the value of y for the
Corrsin-Kistler data.

In figure 45 the maximum values of g occur in the intermittent region of
the layer as defined by 1 as a function of Z/S*. Particularly good agreement
seems to exist with the lntermittent region as defined by the Corrsin-Kistler
data. Thelr data compared with the Klebanoff data show a stronger penetratlon
of the intermittent fluctuatlions at distances greater than 8. The agreement be-
tween Rg and y is tempered by the fact that nonzero values of Ry extend out
to larger values of z/8* than do the nonzero values of 1 for elther the
Klebanoff or Corrsin-Kistler data. While the intermittency factor y was not
measured in the present investigation, the turbulent intensitles (fig. 39(b))
for the outer reglon of the boundary layer are greater and extend further from
the wall compared with the Klebanoff or the Corrsin-Kistler data. As previously
remarked, the magnitudes of these &g values are approximately one-half the
ﬁopt values obtained in the inner region. Furthermore, if again ®' 1s calcu-

lated by using Klebanoff's data, which show that for the outer region

\/i% 2 \/?E:w \/35, there 1s obtalned

R =R

By

S = 0.57 R
wl + ve + W

[aV]

This implies that, although the u-component fluctuations in the outer reglon con-
tribute to the wall-pressure fluctuations, the magnitude of the contribution from
a particular point i1s not as great as that from the inner region.

For most of the values of £ and 171, the time delays Topt generally 1n-
crease with Increasing z. Attempts at trylng to relate the Topt values to the

convectlion velocities measured 1n the space-time correlations of wall-pressure
fluctuations have not been successful using the present data.

The negative values obtained for the time delays denoted as Tg 1n figures
38(b) and (c) indicate a behavior of the correlation of the velocities with the
wall-pressure fluctuations different from that for the inner region (Ropt and

Topt)- These negative <4 values require that even for & = 0 +the velocity
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fluctuations that correlate with the wall-pressure fluctuations must occur some
distance upstream of the pressure transducer and hot-wire probe. This is inter-
esting in that it agrees with the results of reference 39. This reference shows
(in fig. 4 therein) results that indicate that the u-component of the fluctuating
velocities does have an effective eddy convection velocity in the z-direction,
but that it is considerably less than that for the free-~stream direction. These
results imply that the large-scale velocity fluctuations in the outer region that
eventually affect the pressure at the wall must originate a considerable distance
upstream in order for the slower convection in the z-direction to have sufficient
time to reach the wall. Rough calculations of 1g based on the results of ref-
erence 39 give values from—O.ALSXZI_O_3 to -0.6x10~2 second, whereas the present
results range from -0.7x10"3 to -0.8%X10~3 second. However, it is not suggested
that this simple concept sufficiently explains the phenomenon.

CONCLUSIONS

The following conclusions may be drawn from this experimental investigation
of the wall-pressure fluctuations in a turbulent boundary layer:

1. The value of the root-mean-square wall-pressure fluctuations approaches

Vgﬁ = 0.0075 q, as d/S* approaches zero (where g, is the free-stream mean
dynamic pressure, d is the diameter of the pressure transducer, and 8% is the
displacement thickness of the boundary layer).

2. The measured values of B 1in the relation 'p%/qoo = Becyp (where cg 1s

the local skin-friction coefficient) depend on d/&*. By extrapolating the meas-
ured B to d/S* = 0, there results B = 3.9, which is 1n good agreement but
glightly higher than the value of 3.1 obtained from the most recent Lilley
analysis (ref. 17).

3. As the transducer size is decreased, the dimensionless mean-square spec-

trum [;(w)Ué]/Qéga*) of the wall-pressure fluctuations apparently approaches a
universal function of the dimensionlesg frequency w&*/Ug as indicated by Will-
marth for the upper range of wﬁ*/U@, but this universal function agrees with the
data obtained by Willmarth only for his lowest reported values of w&*/un.

4. The dimensionless mean-square spectrum of the wall-pressure fluctuationsg
as a function of the dimensionless frequency wb*/U¥ does not agree with the
Lilley-Hodgson theoretical result (ref. 16) except near the peak of the theoret-
ical spectrum (fig. 22).

5. The values of the correlation coefficients Ropt as a function of §/8*
(the longitudinal separation distance divided by the boundary-layer displacement
thickness) agree with those obtained by Willmarth (fig. 30).

6. Measurements of the correlation coefficients Ro + in the lateral direc-

tion 17 indlcate that their scale is 1/7.4 of those obtained for the Ry in
the longitudinal direction E.
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7. Measurements indlcate that for any & and 1 separation the Ropt can

?e dbtai?ed from the relation Rgpt(&,1;Topt) = Ropt(€,0; Topt)Ropt (0,1, Topt)
fig. 29).

8. The ratio of the convection velocity to the free-stream velocity U,/U,
is shown not to be a constant but to increase with 1lncreasing separatlon distance
¢ and for the larger separation distances to agree with the values cbtained by
Willmarth. This variation in the magnitude of the convection velocity is ex-
Plained in terms of the relative distances in which the small-~ and large-scale
eddles are coherent (fig. 32).

9. Correlations of the wall-pressure fluctuations with the longitudinal com-
ponent of the velocity fluctuations indicate that the contributions to the wall-
pressure fluctuations are associated with two regions - an inner region near the
wall and an outer reglon linked with the intermittency near the edge of the
boundary layer. In the outer reglon the intensity of the contributions of the
velocity fluctuations to the wall-pressure fluctuations as indicated by the
magnitude of the correlation coefficients is less than one-half that for the
inner region.

CONCLUDING REMARKS

In the previous section several definite conclusions have been stated., Some
further remarks on the results can be made.

l. To lessen the disagreement between the avallable theoretical analyses
and the available experiments on the spectra of the wall-pressure fluctuations
probably requires that less simplified assumptions be used in the theoretical
work. Some additional. experimental work should be performed to corroborate the
results of this investigation, particularly for values of dimensionless frequency
wd* /U, smaller than O.07.

2. The results obtained for the correlations of the u-component of velocity
fluctuations with the wall-pressure fluctuations definitely suggest that experi-
ments be performed to study the intensity and extent of the correlations where
the other two components of velocity fluctuations are used. Since the theoret-
ical models for the problem suggest that the w-component of the wvelocity fluctu-
ations is the dominant one in contributing to the wall-pressure fluctuations,
correlation coefficients of greater magnitude should be obtained for the corre-
lations with the w-components than those with the u-components. More elaborate
facilities than those used hereiln would be required for these measurements.

3. The successful measurement of the correlations of the wall-pressure fluc-
tuations with any component of the velocity fluctuations has been reported for
the first time here. It is suggested that thilis type of measurement should be
considered for use in studying other types of fluctuating fluid flows.

Lewlis Research Center
National Aeronautics and Space Administration
Cleveland, Ohlo, September 19, 1962
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APPENDTX A

SYMBOLS

speed of sound, ft/sec
local skin-frictlon coefficient defined as local viscous shear stress

at wall divided by dynamic pressure evaluated at free-stream con-

ditions, dimensionless
diameter of pressure transducers, in.
spectrum function, sz(f)/v P2, (sec)l/2

[2e]
spectral-density function, pz(f)/p2 or ff(f)df =1, sec
0

U
-z?rf(f); cm
1

frequency, sec”

ratio of &% +to the momentum thickness 6 of boundary layer,
dimensionless

wave number, an/U, em™t

typlcal length scale of wall-pressure fluctuations in x-direction, in.
typical length scale of wall-pressure fluctuations in y-direction, in.
Mach number, U/a, dimensionless

steady pressure, lb/sq ft

sum of mean and fluctuating static pressures, P + p(t), lb/Sq t

static-pressure fluctuation about mean value P, 1b/sq ft or
dynes/sq cm

mean-square pressure fluctuation per unit bandwidth <;s defined by

2z [ 2(f)df>, (102) (sec) /£t*
D 4 D /

also written as p2(w) = é; p2(f), abbreviated notation following
Willmarth (ref. 19)

dynamic pressure, % pU2, lb/sq ft

wall-pressure correlation coefficient (see appendix E), dimensionless



1%

Uz

X1

X2

X3

pressure-velocity correlation coefficient (see appendix E),
dimensionless

Reynolds number baged on equlvalent distance of boundery-layer devel-
opment (x - x%,) with xj = -2.1 ft (obtained from &* as a function
of x), dimensionless

Reynolds number based on momentum thickness, dimenslonless

distance between source point and field point in integrals in eqs. (2),
(3), and (9), ft

= 20 logqg (V;@/EO) where pg 1s a reference pressure equal to 2x10-%
dyne/sq cm, db

time, sec

longitudinal component of mean velocity (l.e., U+ u = E = U), ft/sec
longitudinal mean velocity defined as equal to 0.99 U, ft/sec
longitudinal component of turbulent or fluctuating velocity, ft/sec

transverse component of mean velocity (V assumed to be negligible in
boundary layer), ft/sec

transverse component of fluctuating velocity, ft/sec

normal (to wall) component of mean veloclty (W assumed to be negligl-
ble in boundary layer), ft/sec

normal (to wall) component of fluctuating velocity, ft/sec

vector in x-y-z coordinate space, ft

longitudinal coordinate (parallel to wind-tunnel centerline and taken
as posltive in direction of flow and with Xx; = 0 at beginning of
test section), ft

transverse coordinate, ft (or in.)

normal (to wall) coordinate, ft (or in.)

proportionality constant between root-mean-square wall-pressure fluctu-
ations and local skin-friction coefficient (eq. (5)), dimensionless

intermittency factor defined as average time that signal 1s turbulent
divided by total time, dlmensionless

boundary-layer thickness, in.
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&%  displacement thickness as defined in ref. 31 (p. 291), in.

¢ separatlion dlstances in z-direction, in.

n separation distances in y-direction, in.

5] momentum thickness as defined in ref. 31 (p. 291), in.

3 relative distances in x-direction, in.

o  density of air, slugs/cu ft

T time delay (i.e., difference between two instants of time), sec or msec

w frequency, znf, radians/sec

Subscripts:

c convection

opt refers to value of correlation coefficlent and time delay assoclated with
peak 1n correlation curve that occurs nearest T =0

he) pressure

s refers to value of correlation coefficient and time delay for peak in
correlation curve that occurs near T = -1 msec

w wall

o free~stream condition

(_) vector

Superscript:

)
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APPENDIX B

WIND-TUNNEL FACILITY

The wind-tunnel facility was specially deslgned for the purpose of obtaining
the best possible means for the measurement of wall-pressure fluctuations asso-
clated with a turbulent boundary layer. The objective was to obtaln a good ap-
proximation to a two~dimensional turbulent boundary layer of failrly large extent
resulting from the flow of a fluid of unlform velocity adjacent to a plane rigild
wall. Extraneous noises from sources other than the turbulent-boundary-layer
fluctuating pressures should be negligible 1ln comparison with these pressure
fluctuations.

The facility shown in figure 1 is a nonreturn continuous-suction type of
wind tunnel. The inlet gection is rectangular in cross section at all stations.
The area contraction of 40 to 1 is from an inlet opening of 4 by 10 feet down to
an 8- by 18-inch cross sectlon. The length of the inlet is 6 feet 6 inches. The
variation of the cross-sectional area with longitudinal distance x was based on
information presented in reference 40. The commercially avallable filter units
used were 3/32-inch-thick Fiberglas elements. The inlet section was fabricated
of l/8—inch steel and externally ribbed for structural rigidlty. The 1nlet sec-
tion is shock mounted to a bedplate and concrete floor arrangement (as is the
entire facility). The interior of the inlet was coated entirely wilth a nongloss
paint to promote the formation of a thlck turbulent boundary layer in spite of
the longitudinal pressure gradlent favorable for most of the inlet.

The test section 1s 40 feet long. The entire length is divided into 10 sec-
tions, 4 feet in length. One side of the test section is solid l/Z-inch steel,
and the other three walls are double-walled. The inner walls conslst of porous

bronze plates 92 by 24% by‘g inche. At the time of 1lnstallation the joints be-

tween the porous plates were sealed with a cement that was sufficiently thick to
Pprevent cloggling of porous metal. The outer walls of the doubled-walled sides
have flanges for bolting to the solid-wall side. All solid-metal Joints were
sealed by compressing 3/16-inch—outside—diameter by 1/16—inch—inside—diameter
Tygon tublng placed in grooveg between the mating parts. Particular attention
was pald to the problem of effective sealing at the corners. The joints along
the solid test wall were falred and mated to within 0.0005 inch at installation.
A1l gsections were doweled together after proper mating had been achleved.

The two 8-1lnch double-~walled sides contaln seals that can limit the suction
to be effective over only a portion of the 8-inch depth (see fig. 1(b)). The
seals (Iin the 8-in. side walls) were adjusted to conform to the approximate
thickness of the boundary layer (developing along the solid wall) from the be-
ginning to the end of the test section. The sealing devlce consisted of a strip
of falrly pliant (sponge) rubber placed between two metal bars nearly spanning
the width of space between the double walls. A rod that protruded externally
and was fitted with a handle permitted (1) the compression of the rubber strip
for sealing and (2) setting the sealing device at a desired posltion within the
double wall.
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The flow through the porous walls was drawn off to a bleed manifold through
bleed pipes made of reinforced rubber construction (to prevent transmission of
vibrations to the test section). There were four bleeds on the first upstream
section and two on each of the remaining nine sections. The flow through the
bleed pilpes was controlled by globe valves. The entlre bleed flow was further
controlled by a lzZ-inch butterfly valve downstream of the bleed manifold.

The test section was fltted with static taps as shown in figure 1(b). The
10 original solid sides were fitted with eight ports, each L% inch in dlameter,

spaced 6 inches apart, in two staggered rows. Subsequently, provision was made
to use an additional solid-wall section that replaced any particular origlnal
solid-wall sectiaon (usually number three as it turned out). This additional sec-
tion contained three 8-inch ports - one at the center of the section and the
other two ports 16 inches to elther side. All correlation data required the use
of this solid-wall section since it was desired to mount the pressure transducers
and hot-wlre probe within one large port.

Considerable attention was pald to shock mounting the Inlet and test-section
portions of the wind tunnel. In addition to shock mounting to prevent vibrations
from being transmitted through the vertical supporting structure, the test sec-
tlon was isolated from the downstream portlon of the tunnel structure. A rubber
Jjoint, placed between the test sectlon and the control section, served as an ex-
pansion Jjoint and reduced considerably the vibrations that might exlst downstream
of the test section.

The control section contained a block constricting the area and thus con-
trolling the Mach number Iin the test section depending on the portion of the area
constricted. This control block was placed on the 18-inch porous wall side.
Downstream of the control section are the diffuser sectlons followed by the wvalve
and piping leading to the laboratory exhaust machinery.

The wind-tunnel Instrumentation for obtalning the stagnation pressure and
temperature consisted of, respectively, a standard aneroid barometer stationed
gome dlstance upstream of the inlet and four lron-constantan thermocouples lo-
cated 1n a plane just downstream of the filters in the inlet. The static pres-
sures along the test sectlon were obtained from static taps placed in the solid
wall of the test section 6 inches apart iIn two rows, each 3 inches from the lon-
gitudinal centerline. The total pressure very near the centerline of the flow
was measured wilith the use of the total-pressure probe and directly read on a
U-tube water manometer (referenced to atmospheric pressure). By using static
taps the pressure drop across the control block was continuously monitored. The
wind-tunnel instrumentation includes for each bleed line a U-tube water manometer
that measures and thus allows control of the flow (from the porous wall) in the
bleed lines. Thege 100-inch U-tube manometers are lnstalled in banks of six each
at convenient intervals near the porous-bleed globe-valve controls. The pressure
difference measured with U-tube manometers was the pressure drop across the por-
ous wall obtained as the difference of the static pressure in the wind tunnel and
the static pressure 1ln the space between the double walls. For each U-tube the
wind~tunnel static pressure was taken from a statlc tap at the appropriate sta-
tion, and the other pressure was obtained from a static tap in the outer (solid)
wall of the double-~walled sides.
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The setup and calibration procedure included (1) the establishment of the
optimum settings of the globe valve for maximum suction of the low-veloclty alr
from the porous wall sides and/or optimum control of the average longltudinal
static-pressure gradient and (2) the establishment of sultable settings for ad-
Jjustable seals in both of the 8-inch porous wall sides. A measurement was made
of the boundary-layer thickness at the leading edge of the test sectlon. Based
on this value, values of boundary-layer thicknesses were estimated for a number
of downstream stations. The empirical law used in the calculation was based on
the one-seventh power law velocity distribublon in the boundary layer. The ad-
Justable seals were then set accordingly as a first approximation.

Subsequently, a trial-and-error procedure was used to obtaln the globe-valve
settings and 1l2-inch butterfly valve setting that yielded a zero statlc-pressure
gradient of x1 inch of water for the entire test section. The pressure drops
across the porous wall finally used were everywhere less than 35 inches of water.
This procedure was done with a control block installed that gave a nominal Mach
number of 0.6. Once the globe-valve gettings had been made, the valve handles
were wired together in position. A slight reductlion in total flow through the
porous wall (by closing slightly the 12-in. butterfly valve from its position
for zero static-pressure longitudinal gradient in the wind tunnel) results in a
change in the wind-tunnel static pressures such that the static-pressure varia-
tion with the longitudinal distance is very nearly linear and the gradient a
Tavorable one. Conversely, slightly opening the 12-inch valve results in an
essentially linear longitudinal pressure distribution with the gradient beilng
adverse. The final values of the porousg-wall boundary-layer thicknesses B
ranged from 0.3 inch at x = O almost linearly to 2.5 inches at x = 20 feet
and about 3.8 inches at x = 40 feet. Actually, for the last 4 to 6 feet of
test section the two opposing wall boundary layers were considered to be essen-
tially in the process of merging into a channel-type flow.

The last step in determining 1f the wind tunnel was suitable for making
measurements of the type intended was to measure the nolse field external to the
wind tunnel, particularly in the area of the inlet opening and near the test-
section walls. The measurements were made wilth a condenser microphone. The re-
sults of these measurements and thelr implications are presented in the text.
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APPENDIX C

DESCRIPTION AND CALIBRATION COF PRESSURE TRANSDUCERS

In the present experiments the commerclally available capacity-type trans-
ducers (ref. 41) were used, and a series of piezoelectric ceramic transducers
suitable for the envisioned tasks was developed. The capacity-type transducers,
referred to as condenser transducers in the main text, will be described first.

The surface of the 2Z1BR-150-5 microphone, which admits the pressure fluctua-
tions, is a fine, sintered bronze screen. The dlameter of the microphone effec-
tive or sensitive to pressure fluctuations has been estimated to be 0.43 1nch,
although the clamped plate diameter of 0.50 inch could have been used 1in the
d/S* experiments without appreciable effect. The surface of the 21BR-150-6 is
of polished stainless steel with a single hole of 0.040 inch.

The installation of both condenser transducers into the solid wall was
accomplished by inserting the microphone and base into a port as shown in flg-
ure 2(d). The design of the port included the requirements of pressure sealing
against the pressure difference existing across the wind-tunnel wall and the
function of pressure equalization for the transducer. The pressure seals were
two O-rings as shown in figure 2(d). The equalization of the pressures between
the boundary layer and the vent space was accomplished by drilling into the brass
condenser-transducer adapter-port four small holes spaced circumferentially about
the condenser transducer (see A in fig. 2(d)). Pressure equalization between the
vent space and the interior of the base was also accomplished by drilling four
small holes into the aluminum casing of the base. A static tap, 0.0625 inch in
diameter, was also drilled downstream of the condenser transducer to measure the
mean static pressure very near it. A static tap into the vent space also per-
mitted measurement of the vent pressure durlng the experiments. In order to use
the previously described method of pressure sealing and equalization, it was nec-
essary to modify the base.

To obtain usable plezoelectric pressure transducers, it was believed at the
beginning that Willmarth's improved barium titanate pressure transducer (ref. 42)
could simply be copied. However, in order to get a much smaller separation dis-
tance between two pressure transducers, 1t was necessary to elimlnate from con-
sideration the extended radial dlmensions required by the vibration-isolating
structure of the pressure transducer. However, from Willmarth's earlier results
(ref. 43) it was assumed that, in order to use a transducer with an axially
polarized barium titanate ceramic element, it would have to be isolated from
vibration to minimize as much as possible the electric signals that occur as a
result of the deformation of the vibrating elements. This would have particu-
larly been a problem in the present case because the intent was to use an element
of smaller dlameter, 0.125 inch or smaller, 1f possible. The desired smaller
diameters would have resulted in a reduced sensitivity to pressure pulses. Con-
sequently, the signal-to-noise ratio for the desired transducer would even be
smaller.
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Considerable time was spent in experimentation with varlous shapes and
types of plezoelectric ceramic elements and with ways of mounting them without
vibration-isolation such that a signal-to-noise (where the noise is defined as
those signals due to vibration and/or other extraneous sources that would inter-
fere with measuring the desired signal) ratio of 10 decibels or greater was
achieved. The method for checking this was simply to compare the measured spec-
tral distribution of the output from the amplifier with the transducer being sub-
Jjected to wall-pressure fluctuatlons with that obtained for the transducer not
exposed. to wall-pressure fluctuatlions. Thls 1s accomplished by installing the
transducer at the same station in blind adapter ports that were constructed such
that they were of essentially the same shape and mass, but did not allow the
boundary-layer wall-pressure fluctuations to come directly into contact with the
Plezoelectric transducer. If at any frequency the difference in the two spectral
distributions was less than 10 decibels for several tests, the transducer was re-
Jected.

Finally, several plezoelectric transducers of a partlcular deslgn consist-
ently passed the test just referred to. These and others like this type were
used for all the measurements taken with the pilezoelectric transducers. The
transducers consist of a capped annular plezoelectric element. The design is a
modification of one for a high-frequency transducer designed to measure pres-
sure pulses such as those in shock tubes (unpublished NASA data by R. A. Yocke).
Sketches giving the details of construction of the transducers are shown in fig-
ures 2(a) to (c) with piezoelectric elements of dlameters of 0.125, 0.0625, and
0.250 inch, respectively. The piezoelectric ceramic used for these transducers
is PZT-5, a polycrystalline modified lead-zirconate-titanate ceramic, developed
and manufactured by the Clevite Corporation. The material 1s consldered to be
superior to Barium Titanate Ceramic "B" (also manufactured by Clevite Corp.) in
that the coupling coefficlents and plezoelectric constants are approximately
twice as great.

The shape of the piezoelectric elements used is an annular circular cylinder
of the radially polarized length expander type. When compressed or expanded
axially, a charge is developed on the inner and outer silvered surfaces of the
annulus. This charge is proportional to the amount of deformation. The cap on
the end of the element greatly 1lncreases the area on which forces may act. In
the cage of wall-presgsure fluctuation transducers, an end cap 1s vital 1n order
not to disturb the boundary-layer flow.

The manner of making the pressure transducer can be illustrated, for ex-
ample, by referring to figure 2(a). The center copper lead wire is inserted
through the Polypenco insulator with a tight fit, and in turn this assembly is
inserted with a tight fit into the brass body. A groove, 0.010 inch in depth,
is put into the Polypenco, and the PZT-5 element is cemented in place with Cox
Number 28 cement. Prior to cementing on the cap of 0.010-inch-thick Polypenco,
conductive silver paint was carefully put on top of the Polypenco insulator
making good contact with the copper lead wire and the inside surface of the PZT-5
element at its base. The cap was then cemented in place. The outer surface of
the PZT-5 element was grounded as near ag possible to its base with conductive
silver paint. At the other end of the transducer the annular space between the
copper wire and brass body was filled up by ceramic beads and Cox Number 28
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cement except at the very end. Here, through a side-drilled access hole the cop-
per wire was soft-soldered to a Mlcrodot Connector Number 3103, which was al-
ready threaded into the brass body and soldered externally (and thus grounded).
The one transducer with a 0.0625-inch-diameter PZT-5 element (fig. 2(b)) was made
gimilar to that with the 0.125~inch-diameter elements (fig. 2(a)). The brass
body of the transducer with the 0.250-inch element (fig. 2(c)) differed from the
other ones; otherwise the transducer was essentially the same.

The parts of the construction process that were quite critical obviously in-
volved the PZT-5 element, its placement, and electrical contact with other parts
of the transducer. Among the several dozen transducers made were some that ex-~
hibited erratic behavior and quite low sensitivity to pressure fluctuations (and
a resulting surprising response to vibrations). In practically every case it
appeared that the PZT-5 element had not been properly positioned in the Polypenco
groove, and the conductive silver paint had either been insufficiently applied
or excesgsively so. All the piezoelectric transducers used in the results re-
ported in the text were carefully selected. In the case of the pairs used for
correlation of the wall-pressure fluctuations, they were carefully matched.

The transducers were calibrated by the methods indicated in appendix D.

The amplifier used in connection with the piezoelectric transducers was a
Decade Isolation Amplifier, Model 102ZB, manufactured by Keithley Instruments,
Inc. It has a high input impedance, low output impedance, and very accurate
gains In steps of 20 up to 60 decibels, which was the galn setting used. The
bandwidth setting used gave usable response from 2 to 150 keps. The response was
often checked from 30 to 50,000 cps and was found to be flat withln 0.2 deci-
bels. The transducers were connected to the Keithley amplifiers by means of 18-
inch cables with a Microdot Connector Number 3221 on one end and an Amphenol Con-
nector on the other end that was connected to a Keithley 102B-P1 Probe on the in-
put to the amplifier. The cables were made from Microdot Low~Noise Cable Number
50-3804.

The transducers were installed either into the 8-inch port where palrs were
used for correlations or into smaller ports, l% Inches in dlameter. As pointed

out previously, no means of vibration isolation was provided since it was not
needed. The transducers were held fixed 1n place by standard hex-head nuts.
Pressure sealing was simply achieved by applying a quick-drying paint where the
transducer brass body emerged from the ports.

Calibrations of the amplitude response as a functlon of frequency were made
for all the pressure transducers used in the experiments. The same methods were
used for the condenser transducers as for the piezoelectric transducers. To
cover as broad a range of frequencies as possible, two different types of cali-
brations were made for each transducer. One type covered the lower frequency
range, and the other covered the higher frequency range. These calibrations were
performed with the transducer systems set up and operating precisely as in the
experiments. The shock-tube calibration of the piezoelectric transducers was not
used, as this would yield only an average sensitivity over the broad frequency
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range of response and give a value for the corner frequency. In addition, it
would not be a particularly suitable method for calibrating the condenser trans-
ducers. Reciprocity techniques (ref. 44) for calibration of the transducers were
not considered particularly useful because of the lower sensitivitles of the
plezoelectric system.

Over the lower frequency range, 30 to 10,000 cps, the transducers were pres-
sure calibrated with the use of an Altec-Lansing acoustic calibrator. In the
higher frequency range, 2000 to 20,000 cps, the response was obtained from com-
parison calibrations with a calibrated W.E. 640AA microphone as a standard.

To perform the latter calibration it was necessary to construct an anechoic
chamber (5 by 5 by 5 ft) suiteble for frequencies greater than 2000 cps. The
gource used for the sonlc and ultrasonic glgnals was a high-frequency driver
powered by a suitable amplifier. The source wag extended vertically upward into
the chamber along the identical axis of the transducers pointing downward. The
functioning of the chamber as an anecholc one was briefly checked along the axis
of interest and was found to be satisfactory over the needed range of frequen-
cies. Considerable care was taken to duplicate conditions as precisely as pos-
sible for all the calibration tests.

The results of the calibration are presented in figures 3(a) to (e). Fig-
ures 3(a) to (c) are for plezoelectric transducers ZR, ZS, and ZT, respectively;
figures 3(d) and (e) for the condenser transducers CA and CB, respectively. The
calibrations presented in figures 3(a), (d), and (e) are for transducers that
were used in the measurements of magnitude and spectral distribution of the wall-
pressure fluctuations. The calibrations in figures 3(a) to (c) are for trans-
ducers that were used in an experiment to determine the effect of d/&* (keeping
8% constant) on the magnitude and spectral distribution. The calibration pre-
sented in figure 3(b) is for a plezoelectric transducer of the type used in the
wall-pressure correlations. The calibrations in figures 3(a) and (e) are for the
transducers used to measure wall-pressure fluctuations for the pressure-velocity
correlations.

Before and after experimental surveys the level of sensitivity of the entire
transducer system was checked with a sound-level calibrator at a frequency of
400 cps, and good agreement was obtained with the values from the callbration
curves (£0.2 db).

No corrections were made for temperature changes or static-pressure changes
from standard conditions. As reference 45 points out, the piezocelectric trans-
ducer having a high mechanical impedance 1s unaffected by changes in static pres~
sure. While the same statement cannot be specifically made for the condenser
transducers, from figure 2 of reference 46, which shows the pressure effect on a
W. E. 640AA microphone (similar to the 21BR series), the effect of a change in
pressure from 30 to 22 inches of mercury is a change of about 0.2 decibel in
response over most of the range of frequencies.
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APPENDIX D

HOT-WIRE ANEMOMETER MEASUREMENTS

The hot-wlre element used to sense the flow fluctuations was a tungsten wire

with a dlameter of 2X10—4 inch and an unplated or sensitive length of 0.080 inch.
The hot-wire anemometer used herein is the constant-temperature anemometer de-
scribed 1n references 24 to 26. The amplifier used in the present experiments
is the improved version with regard to frequency response (see ref. 47). The
frequency response of the entire system including amplifier, bridge, wire, and
cables is flat within 1 decibel from O to 100,000 cps.

The measurements taken with the hot-wire anemometer were analyzed using the
empirical relation between heat loss and mass flow for small electrically heated
cylinders:

12
R - By Vv

where i and R (in this appendix only) are the wire current and resistance,
respectively, for the mass flow pU, Rg 1s the resistance of the wire at some
reference temperature, that is, temperature of the surrounding alirflow, and A
and B are experimental constants to be determined for each wlre. An equation
of the form of (Dl) was first theoretically derived by King (ref. 48) as the heat
loss from small circular cylinders in potential flows. This empilrical relation,
while obviously not accounting for the viscous effects in the flow about cylin-
ders, has been justified in general by the experimental results. The exceptions
to 1its valldity generally arise in rarefiled-gas flows where the mean-free path
becomes of the same order as the wire diameter (Knudsen number effects) or at
supersonic speeds (Mach number effects). The hot-wire measurements are for
Knudsen numbers greater than 0.0l and Reynolds numbers (referring to the wire
diameter) greater than 25. According to figure 2(a) of reference 49, for this
range of parameters it is permissible to say that the slip-flow problem is neg-
ligible. In addition, the small devliation from 0.5 of the exponent of the King's
equation (referred to in ref. 50) does not have any real slgnificance for this
range of parameters providing that essentially the constants A and B are ob-
tained experimentally for each wire. This was the procedure used. The develop-
ment of the sensitivity equatlons 1s presented in appendix I of reference 24.

The fluctuating mass flow is shown to be given by

=

ael) . ___ ¢ (p2)
T

A(pU) . (pU) - (pU)

pU (o)

where
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e 1is the instantaneous electrical voltege, and e, is the voltage across the

wire at no flow. From déUU) =-%§-+ %g,

ApU) AU (D3)
Bﬁ U

provided that the density fluctuations can be safely assumed to be negligible (in
comparison with the velocity fluctuations). This is certainly the case in the
present experiments since maximum Mach numbers encountered are approximately
0.60 (as the free stream 1s approached) and also since the look of any heated
boundaries in the flow suggests that the temperature fluctuations are negligible.

The ratio of fluctuatlng wvelocity to the stream velocity ﬁ; was determined
by the relation

4.4 (D4)
Uo, Ueo U

where ﬁyﬁ; was determined from the boundary-layer pitot-tube measurements or
from the hot-wire measurements and the free-stream aerodynamic measurements as

&) -
Eﬁ) _L (D5)

and

. (D)
Uoo

where p/poo can be readlly calculated from a knowledge of the free-stream Mach
number M, and aerodynamic flow tables such as those in reference O5l.

Equations (D5) and (D6) were used to calculate the data of figures 36(e) to

(i), which give representative values of Vu%/h@ and z obtalned during the
experiments designed to measure the correlations of the wall-pressure fluctua-
tions with the velocity fluctuations in the boundary layer.

The wires were calibrated by noting the direct-current bridge voltage under
free-~stream airflow conditions and zero-flow conditions. The direct-current
voltages were measured by reading the voltage drop across & known wire-wound
resistor. The fluctuating voltage was measured in terms of its root-mean-square
value by using a true-root-mean-square meter.
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The positlons of the hot-wlre probe were indicated automatically by the
electrically operated probe actuator and also with a dilal indicator used to meas-
ure positions near the wall to within £0.005 inch. The reference position of the
hot-wire probe was determined by allowing the probe to be slowly actuated toward
the wall until one or both of the prong tips actually touched the wall and made
electrical contact with it. Electrical contact with the wall was determined from
the meters lndicating the direct-current component of bridge voltage. Usually
the current supplied to the wilre would suddenly increase, and the anemometer sys-
tem would automatically switch off current delivery to the wire; then the anemom-
eter controls were reset (after moving the hot wire away from wall) to admit
electrical current to the wire.
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APPENDIX E

SPACE-TIME CORRELATION MEASUREMENTS

The space-time correlation measurements are concerned with the determination
of a coefficient that can be mathematically expressed as

T
- = 1 lim |1 e ,t)e ,t+ T)dt
e {[el(x )} [ep(am, b+ »c}lz}l/zrﬂ-’“ T-o/ 1 (g B2 B 7
Zg >

where e and e, are the fluctuating electrical voltages recorded (st a tape

speed of 15 in./sec) on channels 1 and 2, respectively, of the tape recorder and
where x and x3, are, respectively, the position vectors of the points at
which these measurements are taken. In all the correlation measurements ej; Was
obtained from a transducer sensing wall-pressure fluctuations; for the space-time
correlations of wall-pressure fluctuations, ez also represented a wall-pressure
fluctuation. For the correlations of the wall-pressure fluctuations with the
velocity fluctuations, ep represents the velocity fluctuation. When an auto-
correlation measurement was made, e; and ep originated from the same trans-
ducer (ey = e; and Xg = xp). The time delay T to which the electrical volt-
age eo 1s subjected is obtained upon playback of the recorded signals. This
was done by using a tape recorder fitted with a set of magnetic heads such that
the head for channel 2 can be moved in translation parallel to the direction of
tape motion (relative to the magnetic head for channel 1). The motion of the
movable head was controlled and measured by a micrometer head with a maximum ac-
curacy of 1x10™F inch by means of the vernier of the micrometer.

The electrical voltages e] and e, were then amplified properly and

mltiplied electronically. The output of the analog electronic multiplier and
the output of a linear, infinlte resolution potentiometer attached to the movable
magnetlc head are connected to Ilnputs of an X-Y recorder. The micrometer head
was moved manually to ensure as careful as possible plotting of the particular
correlation coefficlent as a function of <. Whenever necessary, the curve was
retraced as many times as required.

The correlation computer, which is described in greater detall in reference
52, is included in the block dlagrams presented in figure 5. The amplitude re-
sponse as a function of frequency of the entire tape recording system through
correlation computer system was constantly calibrated and checked, and its re-
sponse was flat +2 decibels (referenced to 1000 cps) from 30 to 15,000 cps. The
maximum correlation coefficilents obtained for a slne wave signal recorded on both
channels of the magnetic tape (autocorrelation of sine waves) gave the results
shown in the following brief table:
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T, R £, R T,
cps cps eps
100 | £1.00 | 1000 | £1.00 | 10,000
400 | £1.00 | 4000 | #4.99 | 12,000
700 { £1.00 | 7000 | #4.98 | 15,000

Variable high-pass and low-pass electronic filters were used to reject
various portions of the spectrum for a llmited number of the correlations to
determine the effect of rejecting part of the frequency range of the fluctuating

signals.
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TABLE I. - LIST OF PRESSURE TRANSDUCERS

Type of Diameter Commercial Alpha~ Type of
transducer of designation | betic measurement
sensing desig~
area, nation
in.
Condenser 0.43 Altec-Lansing CA Wall-pressure
BR 150-5 fluctuations
Condenser . 040 Altec-Lansing CB
BR 150-6
Piezoelectric L0625 | mmmmeeee ZR
»125 | mmmeemee VZS]
250 | memmeme- zT
$125 I memeeeem zD
-------- 7
———————— ZH
———————— ZT
———————— ZJ
———————— ZN
Y Y | 7P
— - e e - .|
]‘—‘4OFT——/\f— e 3 Ft 6 F1 |4Ft¢7
Valve for ‘ ‘
secondary Diffuser—
Inlet Flow=, Vibration tronsition l
| isoletions pitrusern, section~ ¥ To
Q n N ‘\I laboratory
e \LI n\ exhaust
\ “Control  “Control A machinery
- Test block section .
“~Filters section \ / .
S reens\-“’/ L 48-In.-diam. butterfly
¢ valve for main flow
(a) Complete wind tunnel.
- Rod controlling extent of
Compressed

suction for 8-in. sides

sealing-strip ~

Porous

- Instrumentation
port

(b} Test-section detail.

Figure 1. - Wind-tunnel facility.
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"44ﬂ _~0.125 0.D. x0.125 longx 0.010
’

0.010-._
1 oips

0.200 _i______‘i;ir; ‘

0.750

I
o

.1 251

2 14 annular PZT -5 element

insulator and capped with
0.010 insulator

N
{\—Silver conducting paint
{solid oreo)

~~—0.25-28 Thread
~—Brass
“~Insulator

~—#20 Copper wire

.—Ceromic beads and
Cox #28 cement

—~Side-drilled access hole
/

-—Copper wire soldered to
center pin of Microdot and
insulated with cement

~Microdot #3103 connector
soldered to brass body

{a) Piezoelectric transducer with 0.125-inch PZT-5 element for wall-
pressure fluctuations. (Dimensions are in inches.)

_t

0.0625

Insulator—

#20 Copper wire—

~0.0625 0DXx0.0625 long
~” x0.010 annular PZT-5
element cemented in
0.010 groove of insulator
ond capped with 0.010
insulator

\¥Si|ver conducting paint
(solid area)
"-—0.25-28 Thread

~~~Brass

(b) Piezoelectric transducer with 0.0625-inch PZT-5 element for wall-
pressure fluctuations. (Dimensions are in inches.)

~0.25 0.D.x0.25 1ongx0.015%
/ thick annular PZT-5
element cemented in

/
0.020 groove of insulator
0.0i5 0'6257 and capped with 0.015
O* -10,28|/1‘ insulator
odo! 3 . —0625-48 Threod
.250 i
0.020" fo.020
Insulator “Silver conducting paint
- (solid area)
~—#20 Copper wire

(c) Piezoelectric transducer with 0.25-inch PZT-5 element for wall-
pressure fluctuations. (Dimensions are in inches.)
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cemented in 0.010 groove of

,~Modified bock end
s

v'+ of base

|/

0O-Ring seal-

d ~Adapter housing
165A Base—~

Static tap—~
/ ’ N
(A)~ / “{A)
4
~Condenser heads,
BR-150-5 or BR-150-6

(d) Condenser transducer installed for wall-pressure fluctuations.

Figure 2. - Transducers used to measure fluctuating pressures.
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(c) Transducer ZT; diameter, 0.250 inch.

Frequency, f, cps

(e} Transducer CB; diameter, 0.040 inch.

Figure 3. - Measured response of transducers used in experiments.
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Flow
—————
z={ - < |-_
' f= - —————3.125 In. -
wall-"
Pressure L .
transducer~ Hot-wire .
probe—~ '
Cable to R L
amplifier—~
(a) Side view.
Y
L.,
Flow
= D
-+ - Hot-wire probe
Pressure //
tronsducer— 3
(b} Plan view.

Figure 4. - Sketch of

a hot-wire probe and a pressure transducer used

in measuring correlation of velocity fluctuations with wall-pressure

fluctuations.
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True Monitoring

rms L
voltmeter oscilloscope
P Decade
ressure isolation
transducer amplifier ‘
Spectrum Dual-channel
~ analyzer tape
recorder
P Decade
' resdsure isolation
ransducer amplifier
True Har
rms Mo.mtormg
voltmeter oscilloscope

(a) In taking data for correlations of wall-pressure fluctuations.

True Monitoring
rms :
voltmeter oscilloscope
p Decade
resdsure isolation
transducer amplifier

Dual-channel
tape

’———‘ recorder

Spectrum
-~ analyzer

Hot-wire . Isolation
probe —'l Bridge I——{ Anemometer l—— amplifier

Automatic True Monitoring

probe e oscilloscope
position voltmeter

indicator

Dial
position
indicator

{b) In taking data for correlations of velocity fluctuations with wall-pressure fluctuations.

Modified playback unit of Calibration

dual-channel tape recorder circuit
[________'___'ﬂ u
[ |
| Fixed - iable—gai

magnetic Amplifier V‘L'r':blﬁigf'”
I head | P R
| | Switching Electronic Damping
I | circuit multiplier network

Movable — Variable-gain
| magnetic Amplifier lifi
| head l amplifier
| |
| S | Monitoring

oscilloscope
X-Y
plotter
. Vacuum
Movable magnetic —= I | -~=—— Correlation tube
head position coefficient éoc“mgr“esr.
.C. v

(¢} Correlation computer.

Figure 5. - Block diagrams of instrumentation.
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Figure 6. - Longitudinal variation of free-stream pressure
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(b} Transducer CA; diameter, 0.43 inch.

Figure 14. - Dimensionless rogt-mean-square pressure fluc-
tuations as a function of d/&.
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Figure 15. - Comparison of root-mean-square wall-pressure
fluctuations with Willmarth data (ref. 19).
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(b) Transducer CA; diameter, 0.43 inch.

Figure 16. ~ Mean-square spectra of wall-pressure fluctuations. Free-stream Mach number, 0.60; Reynolds number per foot, 3.45x106.
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Figure 17. - Mean-square spectra of wall-pressure fluctuations measured at one value of 8" with three piezoelectric transducers of
different diameters. Displacement thickness, 0.127 inch; free-stream Mach number, 0.60; Reynolds number per foot, 3.45x10°.
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